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Biomaterial-associated  infections  impede  the  long-term  use  of  implanted  and 

intravascular  devices.  Bacterial  adhesion  to  the  protein-coated  surfaces  of  implanted 

biomaterials  and  subsequent  catastrophic  resistant  infection  are  major  barriers  to 

extended  use  of  these  devices. 

Because  of  the  size  (approximately  1  urn  in  diameter),  bacteria  can  be  considered 

colloidal  particles.  Therefore,  studies  of  bacteria- surface  interactions  have  been  in  terms  of 

classical  colloidal  theories  and  accounted  only  for  the  non-specific  interactions  such  as 

hydrophobic,  Van  der  Waals  and  steric  stabilization.  However,  due  to  bacteria's  complex 

surface  structure  and  inherent  metabolism,  specific,  receptor-ligand,  type  interactions  are 

important  in  bacterial  adhesion.  Hence,  a  comprehensive  understanding  of  the  adhesion 

mechanisms  of  bacteria  to  protein  coated  surfaces  can  be  obtained  only  if  the  dual  nature 

of  the  bacteria-surface  interactions  is  considered. 


be 


This  dissertation  describes  a  novel  method  for  measuring  bacterial  attachment 
kinetics  with  the  aid  of  automated  video  microscopy  and  image  analysis  in  well-defined 
laminar  flow  conditions  using  a  parallel  plate  flow  cell  (PPFC).  An  intrinsic  attachment 
rate  constant  is  extracted  after  the  experimental  data  has  been  corrected  for  transport 
effects  in  the  PPFC  via  a  transport  model.  This  technique  has  been  applied  to  measure 
the  role  of  receptor  length  in  the  rate  of  specific  attachment  of  Staphylococcus  aureus  to 
ligand-coated  surfaces. 

To  further  understand  bacteria-surface  interactions,  a  novel  technique,  called 
Evanescent  Wave  Light  Scattering  coupled  with  Three  Dimensional  Optical  Trapping 
was  developed  to  measure  colloidal  force  interactions  between  protein  coated  surfaces 
and  individual  bacteria. 

The  development  of  these  methodologies  for  measuring  bacterial  attachment  rate 
constants  and  interaction  forces  provides  new  tools  for  quantitative  studies  of  bacterial 
adhesion.  This  work  will  serve  to  enhance  fundamental  understanding  of  the  specific  and 
non-specific  mechanisms  of  bacterial  adhesion  and  may  ultimately  contribute  to  the 
design  of  infection-resistant  biomaterials  and  novel  surface  coatings  for  enhanced 
filtration  of  microorganisms. 


CHAPTER  1 
INTRODUCTION 

Infection  of  implanted  and  intravascular  devices  is  potentially  life  threatening, 
and  impedes  the  long-term  use  of  many  biomedical  devices  (Dankert  et  al.  1986,  Hench 
1980,  Sugarman  &  Young  1984,  Bisno  &  Waldvogel  1989,  Wadstrom  &  Eliasson  1990). 
Approximately  45%  of  hospital-acquired  infections  are  associated  with  implanted  or 
extra  corporeal  medical  devices  (Dankert  et  al.  1986,  Stamm  1978).  Device-centered 
infections  result  in  the  impairment  of  the  host  defense  mechanisms,  extreme  resistance  to 
anti-microbial  therapies,  and,  as  a  result,  high  mortality  rates  (Gristina  et  al.  1987). 
Despite  this  great  clinical  importance,  the  pathogenesis  of  these  infections  remains  poorly 
understood  and  as  a  consequence  efficient  means  to  eradicate  biomaterial-centered 
infections  without  removal  or  exchange  of  the  implant,  or  prophylactic  treatment  are 
unavailable.  Recent  reports  from  the  Center  for  Disease  Control  indicate  that  Staph 
bacteria  cause  13%  of  the  nation's  two  million  infections  each  year,  which  kill  60,000  to 
80,000  people  (Center  for  Disease  Control  1997).  Also  the  same  organization  reports  that 
Staphylococcus  aureus  is  becoming  increasingly  resistant  to  antibiotic  treatment.  This 
suggests  the  urgency  to  progress  in  understanding  of  bacterial  adhesion  mechanisms  in 
order  to  devise  new  biomaterials  or  procedures  that  prevent  bacterial  colonization. 

Bacterial  adhesion  to  biomaterial  surfaces  plays  a  central  role  in  the  pathogenesis 
of  device-centered  infections  (Dankert  et  al.  1986,  Gristina  1987,  Gristina  et  al.  1993, 
Bisno  &  Waldvogel  1989,  Dickinson  &  Bisno  1993,  Jansen  &  Peters  1993,  Dougherty 
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1988,  Vaudaux  et  al.  1990).  The  fundamental  physical  and  molecular  mechanisms 
governing  bacterial  adhesion  to  these  surfaces  remain  poorly  understood  and  their 
elucidation  could  ultimately  provide  a  rational  basis  for  the  design  of  infection-resistant 
biomaterials.  Control  of  bacterial  adhesion  is  currently  implemented  in  the  form  of 
surfactant  or  antibiotic  coatings  on  the  biomaterial  surface,  but  these  provide  only  partial, 
short-term  protection  from  bacterial  adhesion,  since  these  coatings  are  usually 
biodegraded  in  the  body.  Both  specific  (i.e.,  receptor-mediated  interactions—receptors  are 
molecules  on  the  cell  surface  capable  of  binding  other  molecules  on  the  surface  of  a 
material  or  another  cell,  termed  ligands)  and  non-specific  mechanisms  (colloidal 
interactions)  may  be  involved.  Therefore,  it  is  equally  important  to  develop  a  tested 
theoretical  basis  for  interpretation  of  acquired  adhesion  data  and  to  be  able  to  predict  the 
probability  of  adhesion  occurring  under  a  given  set  of  local  conditions. 

The  goal  of  the  work  described  in  this  thesis  is  to  enhance  fundamental 
understanding  of  microbial  adhesion  mechanisms  to  surfaces  via  quantitative 
measurements.  This  understanding  may  aid  in  designing  infection-resistant  biomaterials 
or  in  developing  techniques  to  prevent  bacterial  infection  of  implanted  intravascular  and 
biomedical  devices.  It  may  also  aid  in  designing  surfaces  for  better  microbe  removal  in 
wastewater  treatment. 

This  dissertation  describes  the  development  of  novel  quantitative  experimental 
techniques  for  studying  microbial  attachment  to  solid  surfaces  and  the  application  of 
these  techniques  to  study  the  role  of  specific  and  non-specific  interactions  in  bacterial 
attachment.  Chapter  2  provides  a  brief  background  on  the  current  state  of  knowledge 
with  respect  to  biology  and  physics  underlying  bacterial  adhesion  mechanisms  and  the 


common  measurement  techniques  used  to  study  microbial  adhesion.  Chapter  3  discusses 
the  characteristics  of  the  species  used  in  this  study,  Staphylococcus  aureus.  Chapter  4 
discusses  the  methodology  used  to  directly  measure  real-time  bacterial  attachment 
kinetics  under  well-defined  flow  conditions,  and  the  results  of  a  study  of  the  dependence 
of  bacterial  attachment  on  the  length  of  a  fibrinogen-binding  molecule,  "clumping 
factor".  Also  presented  in  Chapter  4  are  measurements  of  attachment  rate  constant  as  a 
function  of  electrolyte  concentration.  Chapter  5  presents  the  derivation  of  a  mathematical 
model  for  convective-diffusive  bacteria  transport  to  the  collector  surface  of  the  parallel- 
plate  flow  chamber,  which  was  used  to  correct  the  experimental  data  for  transport  effects 
and  yield  an  intrinsic  attachment  rate  constant.  Chapter  6  discusses  a  novel  technique  that 
is  able  to  measure  the  interaction  forces  between  a  single  bacterium  and  a  surface. 
Finally,  Chapter  7  contains  a  summary  of  the  key  accomplishments  and  results, 
concluding  with  recommendations  for  future  work. 


CHAPTER  2 
BACTERIAL  ADHESION 

2-1  Molecular  Structure  of  Bacterial  Cell  Surfaces 

Bacteria  are  classified  according  to  their  reaction  with  the  Gram  stain;  they  can  be 
classified  either  as  Gram  negative  or  Gram  positive  (Dankert  et  al.  1986).  A  schematic  of 
cell  walls  of  Gram  negative  and  Gram  positive  bacteria  can  be  seen  in  Figure  2-1  (a  &  b). 
Gram  negative  bacteria  have  their  plasma  membranes  surrounded  by  a  peptidoglycan 
layer.  The  outer  membrane,  a  phospholipid  bilayer  is  anchored  into  the  peptidoglycan 
layer  by  a  lipoprotein  (Figure  2- 1(a)).  Capsular  polysaccharide  and  some  outer- 
membrane  proteins  can  extend  from  the  outer  membrane.  Flagella,  fimbriae  or  capsules 
can  also  extend  from  the  outer  membrane.  To  be  noted  is  that  the  peptidoglycan  layer  is 
embedded  as  a  separate  layer  within  the  outer  membrane  of  Gram  negative  bacteria,  thus 
preventing  it  from  interacting  directly  with  molecules  on  the  surface  or  in  its  proximity. 

As  seen  in  Figure  2- 1(b),  Gram  positive  bacteria  have  a  relatively  thick  outer  wall 
consisting  of  peptidoglycan,  teichoic  and  teichuronic  acids  as  well  as  other 
polysaccharides  or  proteins.  These  are  not  entirely  embedded  in  the  cell  wall;  some  can 
also  be  exposed  at  the  surface  and  can  play  an  important  role  in  generating  adhesion  to 
surfaces. 
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Figure  2-1.  Bacterial  cell  wall  structures 

(a)  Cell  wall  structure  of  Gram-negative  bacteria,     (b)  Cell  wall  structure  of  Gram- 
positive  bacteria.  Source:  Dankert  et  al.  1986. 


Several  bacterial  species  have  macromolecules  that  can  bind  specifically  to 
ligands  in  the  cell's  environment,  called  'adhesins'  or  'receptors'.  Both  specific  (i.e. 
receptor-mediated)  and  non-specific  (colloidal)  interactions  may  be  important  in  bacterial 


adhesion  to  solid  surfaces  (Busscher  &  Weerkamp  1987,  Busscher  et  al.  1992).  Bacterial 
adhesion  has  traditionally  been  studied  quantitatively  in  terms  of  theories  developed  for 
adhesion  of  colloidal  particles  (Bell  et  al.  1984,  Rutter  &  Vincent  1980).  The  specific, 
receptor-mediated,  interactions  have  been  traditionally  treated  separately,  largely 
qualitatively,  from  a  biochemical  point  of  view  (Sullam  et  al.  1990,  Lindon  1986, 
Vercelotti  et  al.  1985,  Vaudaux  et  al.  1984(a),  Ryden  et  al.  1983,  Espersen  & 
Clemmensen  1982).  Quantitative  studies  of  bacterial  adhesion  accounting  for  both 
specific  and  non-specific  interactions  have  been  lacking.  Although  progress  has  been 
made  in  identifying  molecular  components  responsible  for  the  adhesion  of  some  cell 
types,  the  role  of  quantitative  physical  and  molecular  parameters  in  governing  bacterial 
adhesion  to  protein-coated  surfaces,  such  as  those  of  implanted  biomaterials,  remain  to  be 
elucidated.  The  purpose  of  this  chapter  is  to  discuss  both  the  non-specific  and  specific 
bacterial  adhesion  mechanisms  and  some  of  the  techniques  that  have  been  used  for 
measuring  bacterial  adhesion. 

2-2  Non-Specific  (Colloidal)  Mechanisms  of  Bacterial  Adhesion 

Based  on  size  (approximately  1  urn  in  diameter),  bacteria  can  be  considered 
colloidal  particles.  Therefore,  until  now,  physicochemical  models  for  bacterial  adhesion 
have  been  primarily  based  on  theories  for  colloid-surface  interactions  (Marshall  1985, 
Marshall  et  al.  1971,  Ruckenstein  1975,  Pethica  1980,  Rutter  &  Vincent  1980). 
Classical  DLVO  theory  (derived  by  Derjaguin,  Landau,  Verwey,  and  Overbeek)  accounts 
for  electrostatic  and  Van  der  Waals  forces  between  the  cell  and  a  surface  to  predict  the 
interaction  potential,  flz),  as  a  function  of  separation  distance,  z  (Derajaguin  &  Landau 


1941,  Verway  &  Overbeek  1948).  A  hypothetical  DLVO  interaction  profile,  <j>(z),  for  a 
particle  and  surface  of  like  charge  is  shown  in  Figure  2-2.  Several  features  of  this  plot  are 
noteworthy.  At  large  distances  (>50  nm)  the  particle  is  attracted  toward  the  surface  by 
long-range  van  der  Waals  forces  and  repelled  by  an  electrostatic  force  created  by  the 
overlap  of  a  double  layers  of  diffuse  counter  ions  near  the  surfaces.  The  so-called 
secondary  minimum  (z  =  z/)  is  located  where  these  long  range  electrostatic  repulsion 
forces  balance  van  der  Waals  attraction  forces,  which  corresponds  to  a  transient  adhesion 
state  where  the  particle  can  typically  diffuse  out  of  this  region  due  to  Brownian  motion.  If 
the  particle  has  sufficient  energy  it  may  be  able  to  surmount  the  free  energy  barrier  (z  - 
zmax)  and  descend  into  the  primary  minimum  (z  =zi°)  where  it  will  be  considered  fully 
adherent  at  a  separation  distance  where  close  range  steric  repulsion  forces  balance  van 
der  Waals  attraction  forces.  One  hypothesis  is  that  the  rearrangement  of  macromolecular 
surface  structures  such  as  binding  molecules,  fimbriae  or  extruded  polymers  ("slime") 
occurs  during  adhesion  in  the  secondary  minimum,  which  promotes  the  transition  over 
the  energy  barrier,  resulting  in  firm  attachment  in  the  primary  minimum  (Pethica  1980). 

A  limitation  of  viewing  bacterial  attachment  as  deposition  of  an  inert  colloidal 
particle  is  that  the  macromolecular  interactions  are  not  explicitly  taken  into  account. 
However,  work  in  our  group  resulted  in  a  recent  publication  that  presents  a  model  for 
bacterial  attachment  that  accounts  for  both  colloidal  forces  and  the  formation  of 
macromolecular  bonds  (Dickinson  1997).  This  model  will  be  used  to  help  interpret 
experimental  data  in  Chapter  4. 
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Figure  2-2.  DLVO  interaction  potential. 

A  hypothetical  plot  of  potential  energy,  j(z),  vs.  separation  distance,  z,  as  predicted  from 
the  DLVO  theory.  The  primary  minimum  corresponds  to  the  point  of  attachment.  To 
attach,  a  bacterium  must  move  by  Brownian  motion  from  the  secondary  minimum  over 
the  energy  barrier  and  into  the  primary  minimum. 


2-3  Specific  Mechanisms  of  Bacterial  Adhesion 

A  biomaterial  exposed  to  a  biological  environment  rapidly  acquires  a  protein 
conditioning  film  that  can  affect  surface  properties  and  cell  adhesion  (Gristina  et  al.  1993, 
Baier  et  al.  1984).  Attachment  can  result  from  specific  binding  of  molecular  receptors 


(a.k.a.  adhesins)  on  the  cell  surface  to  complimentary  ligands  on  the  biomaterial  surface. 
As  shown  schematically  in  Figure  2-3,  to  bind  to  surface-adsorbed  ligands,  receptors 
must  extend  past  repulsive  forces,  including  steric  repulsion  forces  induced  by  the  cell 
capsule  and  cell  wall.  Therefore,  the  effective  length  of  receptor-ligand  interaction  is 
expected  to  be  a  relevant  determinant  in  the  ability  of  the  cell  to  attach  to  a  surface.  In 
fact  many  bacteria  have  specific  structures  such  as  fimbriae  that  allow  the  cell  to  attach 
by  extending  over  any  repulsive  barrier  to  adhesion  (Foster  &  McDevitt  1994). 

Staphylococcus  aureus  is  a  common  opportunistic  pathogen  involved  in  device- 
centered  infections  (Dankert  et  al.  1986).  It  is  believed  to  adhere  to  biomaterials  via 
specific  binding  of  cell-surface  receptors  to  adsorbed  host  proteins  such  as  fibrinogen 
(Fg)  (Foster  &  McDevitt  1994,  Ohtomo  &  Yoshida  1984,  Boden  &  Flock  1989,  Cheung 
&  Fischetti  1991)  and  fibronectin  (Fn)  (Kuusela  et  al.  1985,  Toy  et  al.  1985)  on  the 
biomaterial  surface.  This  will  further  be  described  in  the  next  chapter  (Chapter  3). 


2-4  Methods  Used  to  Measure  Bacterial  Adhesion  in  Vitro 

Two  aspects  of  bacterial  adhesion  are  typically  studied:  the  number  of  adhered 
bacteria  deposited  from  suspension,  and  measurement  of  the  force  required  to  dislodge  a 
cell  from  a  surface  (Dankert  et  al.  1986).  The  first  aspect  is  more  relevant  here  because 
the  focus  of  this  is  primarily  on  the  interactions  involved  in  the  initial  attachment  of  cells, 
rather  than  the  strength  of  the  resulting  adhesion. 


10 


Receptors 


Cefl  Membrane 

CdlWall_> 


Capsule  — - 

Conditioning  Hln  l 


Material 


Figure  2-3.  A  schematic  of  receptor-ligand  interactions  promoting  adhesion 
Schematic  of  the  region  of  interaction  between  a  bacterium  and  a  surface  governed  by 
specific  receptor-ligand  interactions.  Cell  surface  receptors  extend  through  the  cell  wall 
to  specifically  bind  to  adsorbed  host  proteins  on  the  biomaterial  surface. 


The  most  prevalent  technique  for  measuring  the  number  of  adhered  cells  is  simply 
incubating  a  collector  in  a  bacterial  suspension.  Then,  after  an  arbitrary  incubation  time, 
the  number  of  adhered  bacteria  is  counted  directly  under  a  microscope  or  from 
photomicrographs,  or  indirectly  by  measuring  the  chemoluminescence  (Ewetz  & 
Strangert  1974),  fluorescence  (Donkersloot  1972),  or  radioactivity  (Sjollema  1989). 
However,  these  are  often  not  sensitive  enough,  or,  depend  on  unstable  characteristics  of 
the  cells.  These  techniques  also  generally  suffer  from  ill-defined  flow  conditions  which 
can  affect  the  transport  rate  of  bacteria  to  the  surface  as  well  as  influence  the  probability 
of  a  cell  attaching  to  the  surfece  (Dickinson  &  Cooper  1995).  Furthermore,  'blind' 
assays  in  which  cell  attachment  is  not  directly  observed  cannot  account  for  secondary 
effects  such  as  cell-to-cell  interactions  or  cell  agglomeration  in  suspension  or  on  the 
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surface.    These  limitations  cloud  the  significance  of  the  experimental  results  when  the 
primary  interest  is  to  quantify  the  interaction  of  the  cell  with  the  substratum 

To  overcome  these  limitations,  some  recent  studies  have  used  parallel  plate  flow 
chambers  (PPFC's)  to  study  cell  attachment  or  detachment  (Wilkinson  et  al.  1984, 
Sjollema  1989,  Lawrence  et  al.  1990,  Jen  &  Lin  1991,  van  Kooten  et  al.  1992).  Others 
who  studied  shear  dependent  cell  adhesion  (Fowler  &  McKay  1980,  Crouch  et  al.  1985, 
Cozens-Roberts  et  al.  1990b,  Dickinson  &  Cooper  1995)  have  used  radial-flow  chambers. 
Flow  chambers  offer  the  advantages  of  well-defined  flow  conditions  and  the  possibility 
of  real-time  direct  observation  and  enumeration  of  the  number  of  attached  cells.  This 
allows  the  measurement  of  the  kinetics  of  cell  attachment  or  detachment.  However,  in 
previous  PPFC  studies,  the  actual  cell  concentration  near  the  surface  was  not  known,  and 
it  could  vary  as  a  function  of  the  downstream  distance  in  the  chamber  (Dickinson  & 
Cooper  1995).  This  implies  that  the  measured  attachment  rate  depended  on  the  position  in 
the  chamber  chosen  for  observation,  as  well  as  on  the  flow  rate.  For  example,  it  was 
observed  (Dickinson  &  Cooper  1995)  that  rapid  attachment  of  particles,  can  lead  to 
downstream  depletion  of  cells  near  the  surface,  and  conversely,  for  slow  attachment  and 
sedimentation  can  lead  to  a  downstream  accumulation  of  cells  near  the  surface. 
Therefore,  the  measured  effective  attachment  rate  constant  is  dependent  on  the 
downstream  distance  in  the  PPFC,  therefore  is  not  an  intrinsic  measure  of  the  probability 
of  attachment  which  depends  only  on  local  conditions  such  as  interaction  between  the 
cell  and  the  surface.  To  estimate  an  intrinsic  rate  constant  of  attachment,  the  rate  of 
attachment  must  be  measured  as  a  function  of  position  in  the  PPFC,  and  the  variable 
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transport  of  cells  to  the  surface  must  be  taken  into  account.  A  methodology  and  analysis 
to  accomplish  this  will  further  be  discussed  in  Chapter  4. 

Only  recently  have  investigators  focused  on  directly  measuring  the  surface  forces 
between  bacteria  and  solid  substrata.  The  novel  technique  described  in  Chapter  6,  can  be 
used  to  directly  measure  the  long  range  interaction  forces  between  bacteria  and  an 
underlying  surface,  which  are  relevant  as  the  cell  approaches  the  surface  in  the  process  of 
attachment.  It  is  a  considerable  improvement  over  existent  techniques  and  it  will  allow 
the  comparison  with  the  bacterial  adhesion  measurements  based  on  enumeration  of 
adherent  bacteria  that  were  performed  by  using  a  PPFC.  This  combination  of  techniques 
used  to  study  bacterial  adhesion  will  enhance  understanding  of  the  bacterial  adhesion 
mechanisms  occurring  in  vitro  for  conditions  relevant  to  in  vivo  bacterial  adhesion  to 
biomaterial  surfaces. 


CHAPTER  3 
STAPHYLOCOCCUS  A  UREUS 


3-1  Structure/Characteristics 

Staphylococcus  aureus  is  a  spherical  Gram-positive  pathogen  that  expresses  cell 
surface  binding  molecules  ('receptors')  for  plasma  and  extracellular  matrix  components. 
It  is  a  spherical  microorganism  with  an  approximate  diameter  of  one  micron.  Important  to 
keep  in  mind  for  the  attachment  kinetics  experiments  that  are  performed  (Chapter  4) 
using  this  microorganism  is  that  it  retains  its  spherical  morphology  upon  adhesion  to  a 
surface,  as  it  can  be  observed  from  Figure  3-1 . 

An  important  fibrinogen  receptor  on  the  surface  of  S.  aureus,  called  "clumping 

factor",  has  been  extensively  characterized  (McDevitt  et  al.  1994).  The  important  features 
of  its  structure  are  shown  schematically  in  Figure  3-2.  "Clumping  factor"  is  a  92  kDa 
protein  consisting  of  three  distinct  domains:  a  membrane  and  cell  wall  spanning  domain, 
a  serine-aspartic  acid  dipeptide  repeat  domain  (also  called  "the  R  region"),  and  the 
fibrinogen-binding  domain  at  the  end  of  the  molecule.  The  dipeptide  repeat  region  is  of 
308  amino  acid  residues  in  length  (McDevitt  &  Foster  1995).  Assuming  an  a-helical 
structure  the  length  of  this  region  is  estimated  to  be  54  nm.  It  has  been  hypothesized  that 
the  hydrophilic  R-region  extends  the  fibrinogen-binding  domain  to  promote  its  ability  to 
interact  with  its  environment.  By  genetically  engineering  mutants  with  R-regions  of 
reduced  length  it  was  recently  shown  that  adhesion  depends  on  the  length  of  the  R-region 
(Hartford  et  al.  1997).    As  discussed  in  the  next  chapter,  we  have  demonstrated  under 
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well-defined  flow  conditions,  that  the  length  of  the  R-region  promotes  adhesion  by 
promoting  an  enhanced  rate  of  attachment,  which  further  suggests  that  the  function  of  this 
region  allows  the  cell  to  "reach"  across  the  energy  barrier. 


Figure  3-1.  Scanning  Electron  Micrograph  of  Staphylococcus  aureus 
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Figure  3-2.  Structure  of  clumping  factor 
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3-2.  S.  aureus  in  Device-Centered  Infections 

Staphylococcus  aureus  (S.  aureus)  was  used  in  this  study  because  it  is  a  highly 
pathogenic  bacterial  strain  causing  45%  of  the  hospital  acquired  infections  and  it  is 
extremely  resistant  to  antibiotic  treatment.  S.  aureus  is  a  predominant  pathogen  in 
generating  antibiotic-resistant  as  well  as  device-centered  infections  (Waldvogel  1995). 

S.  aureus  expresses  several  specific  cell  surface  binding  molecules  that  interact 
with  plasma  proteins  commonly  found  adsorbed  to  biomaterials,  such  as  fibrinogen 
(Cheung  &  Fischetti  1990,  Herrmann  et  al.  1993,  Herrmann  et  al.  1988,  McDevitt  et  al. 
1994),  fibronectin  (Herrmann  et  al.1988,  Vaudaux  et  al.  1984(a),  1984(b),  1989,  Vaudaux 
1994),  collagen,  vitronectin,  laminin,  thrombospondin,  bone  sialoprotein,  elastin,  etc. 
However,  studies  performed  strongly  indicate  that  fibrinogen  is  the  most  active  plasma 
component  in  promoting  an  initial  in  vivo  adhesion  of  S.  aureus  (Francois  et  al.  1996). 
As  mentioned,  S.  aureus  has  been  shown  to  attach  to  fibrinogen-coated  surfaces  via 
"clumping  factor"  (McDevitt  et  al.  1994,  Dickinson  et  al  1995).  The  prevention  of 
bacterial  attachment  and  onset  of  infection  are  highly  dependent  on  the  initial,  short-term 
contact  of  the  biomaterial  in  the  body.  Therefore,  the  focus  of  this  study  is  on  the 
molecular  interactions  and  parameters  relevant  at  a  short  time  scale  after  the 
implantation.  Specifically,  our  focus  is  on  the  role  of  specific  and  non-specific 
interactions  involved  in  the  initial  rate  (or,  equivalently,  probability)  of  attachment  to 
surfaces. 


CHAPTER  4 

MEASUREMENT  OF  REAL-TIME  BACTERIAL  ATTACHMENT  KINETICS  TO 
GLASS  AND  PROTEIN  COATED  SURFACES 


4-1  Apparatus 

The  role  of  the  cell  surface  properties,  fluid  and  substrata  in  promoting  adhesion 
can  be  quantified  by  measuring  bacterial  attachment  kinetics  to  different  coatings  on  a 
glass  substrate  under  well-defined  flow  conditions.  The  principal  tool  involved  in  this 
study  is  a  parallel  plate  flow  cell  (PPFC)  which  provides  laminar,  well  defined  flow 
conditions  for  measuring  the  number  of  bacteria  attaching  to  surfaces.  As  it  was 
discussed  in  Section  2-3,  the  possibility  of  direct  observation  of  attachment  kinetics  in  the 
PPFC  offers  advantages  over  other  blind  assays  for  the  measurement  of  bacterial 
adhesion. 

The  aim  of  this  chapter  is  to  present  a  detailed  description  of  a  PPFC,  including 
the  principles  involved  in  its  design  and  testing,  the  experimental  protocol  for  automated 
enumeration  of  the  adherent  bacteria,  and  the  procedure  for  data  analysis.  A 
methodology  is  also  described  for  the  data  analysis  that  offers  an  improvement  over 
traditional  approaches  used  in  interpreting  the  attachment  kinetics  results  from  PPFC 
experiments.  Finally,  the  experimental  results  are  provided  as  a  function  of  the  length  of 
the  clumping  factor  molecule.  They  are  obtained  from  an  application  of  this  methodology 
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to  the  study  of  S.  aureus  attachment  to  fibrinogen-coated  surfaces.  In  a  second  study  the 
role  of  electrolyte  on  attachment  kinetics  of  5.  aureus  to  bare  glass  surfaces  is  also 
described. 


4-1-1  Theory 

Flow  systems  are  employed  in  adhesion  studies  because  they  allow  the  control  of 
hydrodynamic  conditions  in  terms  of  shear  rate,  flow  velocity,  and  Reynolds  number 
(Sjollema  1989).  Convection  also  affects  transport  of  bacteria  to  the  collector  surface. 
The  advantage  of  using  a  PPFC  is  that  it  allows  real-time  direct  observation  of  the  surface 
where  particles  attach  under  well-defined  laminar  flow  conditions. 

Flow  in  the  PPFC  must  be  steady,  laminar  and  folly  developed  in  order  to 
minimize  or  eliminate  any  entrance  effects  (van  Wagenen  &  Andrade  1980,  Bowen  1985, 
van  Kooten  et  al.  1992).  The  design  of  the  PPFC  is  similar  to  previous  designs  (van 
Kooten  et  al.  1992,  Sjollema  1989),  but  modified  to  fit  within  the  in-house  automated 
video  microscopy  system.  The  parameter  that  needs  to  be  chosen  appropriately  to  assure 
minimal  entrance  effects  is  the  characteristic  entry  length,  Le,  defined  as  follows  in 
equation  4-1. 

Le  =  ahRe  (4-1) 

Where:  a  =  proportionality  constant 

h  =  channel  height  (cm) 

Re  =  Reynolds  number 
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The  constant,  a,  is  reported  to  be  between  0.013  (van  Wagenen  &  Andrade  1980),  and 
0.044  (Bowen  1985).  In  designing  the  PPFC  described  in  the  next  section,  an  average, 
0.0285,  of  the  two  values  was  used. 

The  Reynolds  number  in  the  PPFC  is  defined  as: 

P'Q 

(w  +  «)•//  v      ' 

where:  p  =  fluid  density  (g/cm 3) 

/u  =  viscosity  (g/cm-s) 

w  =  channel  width  (cm) 

Q  =  volumetric  flow  rate  (cm 3  /s) 
For  a  uniform  flow  profile  throughout  the  entire  plate  length,  Le  must  be  small 
compared  to  the  length  of  the  chamber.  The  criterion  is  Le<b-l,  where  b  is  a 
proportionality  constant  and  /  is  the  chamber  length.  Based  on  the  above  equation,  Van 
Wagenen  and  Andrade  postulated  that  Le  should  be  less  than  10%  of  the  chamber  length 
in  order  to  have  minimal  entrance  effects,  i.e.,  b  =  0.10  (van  Wagenen  &  Andrade  1980). 
From  the  fluid  velocity  profile  (deferred  to  Chapter  5),  the  shear  stress  on  the 
surface  of  the  PPFC  is  given  by: 

Shear  stress  =  6Qju  /  wh2   (dyn/cm2)  (4-3) 

For  a  typical  experiment  the  desired  shear  stress  is  determined,  and  the  appropriate  flow 

rate  can  be  calculated  from  the  known  fluid  and  chamber  parameters. 
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4-1-2  Design 

Initially,  a  PPFC  was  designed  and  constructed  in-house  based  on  the  theory 
described  above  and  on  an  existing  design  (van  Kooten  et  al.  1992).  However,  some 
additions  and  improvements  were  made  over  the  designs  described  in  the  literature.  This 
design  can  be  seen  in  Figure  4-1.  The  PPFC  consists  of  two  parts:  The  bottom  part  was 
machined  out  of  brass  and  was  plated  with  solid  nickel  containing  10%  phosphorus.  The 
coat  thickness  is  between  0.001  -  0.0012  inches;  this  prevents  corrosion  of  the  bottom 
part  in  the  saline  operating  environment.  This  part  has  machined  into  it  an  O-ring  channel 
that  allows  complete  sealing  of  the  chamber  when  a  glass  slide  is  superimposed  on  it  and 
closed  with  the  top  Plexiglas  part  which,  in  turn  has  another  glass  slide  fitted  in  on  an  O- 
ring  channel.  The  flow  channel  is  formed  when  2  stainless  steel  (0.2mm  uniform 
thickness)  spacers  are  positioned  parallel  to  each  other  along  the  length  of  the  chamber, 
and  sandwiched  between  the  top  and  bottom  glass  slides.  The  entire  assembly  is  sealed  to 
become  leak-proof  by  tightening  of  the  screws. 

In  order  to  ensure  a  laminar  flow  field  at  the  channel  entrance,  between  the  two 
parallel  plates,  the  depth  and  width  of  the  of  the  inlet  and  outlet  channels  gradually 
decrease  and  increase,  respectively  up  to  the  final  channel  depth  (0.02  cm)  and  width  (5 
cm). 

For  proper  operation  of  this  device,  air  was  eliminated  from  the  lines  before 
performing  any  experiments  because  entrapped  air  bubbles  could  cause  stagnation  of 
flow  or  back  flow  in  the  chamber  changing  the  known  flow  rate.  Liquid  was  allowed  to 
flow  prior  to  starting  the  actual  experiment  in  order  to  fill  up  with  liquid  any  remaining 
gaps  outside  the  flow  area. 
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The  temperature  of  the  flow  chamber  was  controlled  using  four  silicone  rubber 
heaters  attached  to  the  bottom  brass  part  of  the  chamber.  These  heaters  could  be 
connected  to  a  temperature  controller  with  a  relay  to  switch  the  load  on  and  off  on  the 
heaters  (Watlow,  Sebring,  FL). 
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Figure  4-1.  Schematic  of  parallel  plate  flow  cell  designed  "in-houser 


The  flow  inside  the  PPFC  was  tested  to  be  laminar  by  using  a  rheoscopic  fluid 
(Kalliroscope  Corporation,  Groton,  Massachusetts).  This  fluid  allows  visualization  of  the 
flow  pattern  in  the  PPFC.  The  rheoscopic  fluid  has  been  developed  initially  by  an  artist, 
Paul  Matisse,  who  used  these  fluids  to  develop  artworks  based  on  the  display  of 
convection  currents.  The  rheoscopic  fluid  is  a  suspension  of  microscopic  crystalline 
pellets.  When  in  motion,  the  pellets  align  their  longest  dimension  parallel  to  the  planes  of 
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shear.  In  the  presence  of  incident  light,  areas  of  varying  orientation  reflect  differing 
intensities  of  light  and  their  movement  produces  striking  visual  images  of  the  currents 
taking  place.  Unlike  dye  based  fluid  tracers  which  eventually  become  uniformly 
dispersed  within  the  medium,  a  rheoscopic  fluid  never  looses  its  ability  to  make  the  flow 
patterns  visible  and  can  be  used  many  times  over. 

4-1-3  PPFC  Used  in  Attachment  Studies 

The  actual  PPFC  used  to  generate  results  presented  in  this  thesis  was 
commercially  available  from  CytoDyne  (San  Diego,  CA),  and  it  is  shown  in  Figure  4-2. 
The  change  to  using  this  slightly  different  design  was  made  because  of  decreased  time 
necessary  for  set-up  as  compared  to  the  originally  designed  chamber.  This  PPFC  consists 
of  a  bottom  polycarbonate  part  that  can  be  readily  cleaned  between  experiments.  A 
silicone  rubber  gasket  is  mounted  on  the  channel  machined  in  the  bottom  polycarbonate 
part.  The  gasket  serves  two  purposes:  it  provides  a  tight  seal  and  leak-proof  environment 
and  at  the  same  time  serves  as  the  spacer  that  creates  the  flow  channel.  A  75  mm  x  50 
mm  glass  slide  with  an  optically  transparent  coating  can  be  mounted  easily  over  the 
gasket  on  the  bottom  part  of  the  PPFC,  and  vacuum  is  applied  as  a  means  of  sealing  the 
PPFC  assembly.  This  allows  test  slides  to  be  quickly  and  easily  exchanged,  and  reduces 
the  likelihood  of  spills  and  leaks. 
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4-2  Methodology  for  Measuring  Particle  Attachment  Kinetics 

4-2-1  Data  Acquisition 

An  automated  video  microscopy  system  (Figure  4-3)  was  programmed  to 
recursively  scan  a  central  rectangular  region  of  the  parallel-plate  flow  cell.  Within  this 
region,  four  fields  were  recursively  scanned  at  each  of  the  ten  different  downstream 
positions,  as  illustrated  in  Figure  4-4.  Images  from  each  field  were  captured  using  a  CCD 
video  camera,  and  stored  in  a  file  on  a  Pentium  166  computer  for  further  analysis.  This 
process  was  automated  using  an  Optimas  image  analysis  program  entitled  SCAN.MAC, 
which  is  presented  in  the  APPENDIX. 

4-2-2  Data  Analysis 

A  second  Optimas  program  recursively  opened  and  processed  the  images  to  count 
the  number  of  attached  cells  in  each,  and  stored  these  counts  to  an  EXCEL  file  for  further 
analysis  and  for  calculation  of  an  attachment  rate  constant.  The  image  analysis  program 
used  in  this  step  is  called  BREPLAY.MAC  and  it  also  appears  in  the  APPENDIX. 

Data  were  analyzed  in  the  following  manner:  first,  the  cell  density  in  each  field 
was  obtained  by  dividing  the  number  of  attached  particles  in  each  field  by  the  area  of  the 
field  (automatically  recorded  by  SCAN.MAC).  Then,  the  particle  density  was  plotted 
versus  time  for  each  downstream  position  (Figure  4-5). 
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Figure  4-2.  Schematic  of  parallel  plate  flow  cell 

This  PPFC  was  used  in  the  adhesion  experiments  whose  results  are  presented  in  this 

dissertation. 


The  slope  of  the  resulting  straight  line  was  obtained  by  linear  regression.  Dividing  this 
slope  by  the  initial  concentration  of  particles,  Co,  yielded  an  effective  attachment  rate 
constant,  kef,  for  each  field.  The  values  from  the  four  fields  at  each  downstream  position 
were  averaged  to  provide  keg(x). 

As  discussed  in  more  detail  in  Chapter  5,  keff  is  generally  a  function  of  the 
downstream  distance  in  the  PPFC,  because  rapid  attachment  can  lead  to  a  downstream 
depletion  of  cells  near  the  surface,  and  slow  attachment  can  lead  to  downstream 
accumulation  due  to  sedimentation.  In  order  to  correct  for  this  effect  of  particle  transport 
on  the  attachment  in  the  PPFC  and  to  determine  an  intrinsic  attachment  rate  constant,  k+, 
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Figure  4-3.  Schematic  of  the  automated  video  microscopy  system 
The  system  is  composed  of  an  inverted  microscope  equipped  with  an  x-y  motorized  stage 
and  z-focus  control  through  the  microscope  objective.  The  PPFC  is  mounted  on  the 
motorized  stage  and  the  computer  is  programmed  to  automatically  move  the  stage  at 
certain  positions  and  acquire  images  of  particles  adhering  to  the  bottom  plate  in  the 
PPFC.  These  images  are  stored  on  the  computer  hard  drive  for  further  analysis. 


that  is  independent  of  transport  effects,  a  mathematical  model  was  developed  for 
transport  and  deposition  of  colloidal  particles  in  the  PPFC.  This  model  accounts  for  cell 
diffusion,  convection,  and  sedimentation  to  calculate  the  expected  particle  concentration 
at  the  surface  for  a  given  flow  rate  and  value  of  &+.  The  derivation  and  numerical  solution 
of  the  model  is  detailed  in  Chapter  5.  By  fitting  the  mathematical  model  predictions  to  the 
experimentally  obtained  values  of  k^g(x)  by  nonlinear  least-squares  regression,  an 
estimate  of  k+  was  obtained.  The  value  of  this  procedure  is  that  the  intrinsic  attachment 
rate  constant  is  independent  of  any  global  parameters  in  the  system,  such  as  the 
downstream  distance  in  the  PPFC. 
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Figure  4-4.  Quantification  of  attachment  kinetics 

The  schematic  illustrates  the  procedure  for  quantifying  attachment  kinetics  in  the  PPFC. 

The  marked  fields  are  scanned  in  a  recursive  fashion  and  images  of  particles  adherent  to 

the  surface  at  those  particular  fields  are  stored  in  the  computer  memory.  From  such  a 

procedure  a  cell  density  as  a  function  of  downstream  position  in  the  PPFC  can  be 

determined. 


k+  physically  reflects  the  ability  of  the  particle  near  the  surface  to  overcome  any 
separating  energy  barrier  and  attach  to  the  surface.  In  the  interest  of  continuity  of  the 
material  presented  here,  the  detailed  model  description  is  postponed  until  Chapter  5. 
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Figure  4-5.  Procedure  for  calculating  kejj(x) 

This  is  a  plot  of  cell  density  vs.  time  for  two  of  the  S.  aureus  mutants  (R=0  amino  acid 
residues,  and  Z?=307  amino  acid  residues)  at  a  particular  field  on  the  surface  of  the  PPFC. 
The  slope  of  these  lines  were  obtained  by  linear  regression.  Dividing  the  slope  by  the 
initial  particle  concentration  present  in  suspension,  co,  the  effective  attachment  rate 
constant  was  obtained. 


4-3  Measurement  of  the  Role  of  Receptor  Length  in  Bacterial  Attachment  to  Protein 

Coated  Surfaces 


4-3-1  Bacterial  Mutant  Strains 


To  study  the  role  of  the  receptor  length  in  bacterial  adhesion,  genetically 
engineered  mutants,  procured  from  a  collaborating  group  at  Trinity  College  in  Ireland, 
were  used  in  the  experiments  (Hartford  et  al.  1997).  The  S.  aureus  mutants  with  varying 
length  of  the  serine-aspartic  acid  (Ser-Asp)  repeat  domain  of  the  fibrinogen  receptor 
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(clumping  factor  -clfA)  were  genetically  engineered  by  plasmid  insertion  of  the  modified 
clfA  gene  into  a  fibrinogen  deficient  mutant  of  the  bacterium  and  cloned  (Hartford  et  al. 
1997).  The  cloned  fibrinogen  receptor  (clumping  factor,  clfA)  was  that  of  S.  aureus 
Newman  strain. 
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Figure  4-6.  S.  aureus  mutants  with  variable  length  of  the  repeat  region  used  in  PPFC 
experiments 


The  mutants  were  stored  in  a  -70C  freezer  and  each  individual  vial  was  defrosted 
only  for  the  short  period  necessary  for  the  transfer  of  an  innoculum  to  tryptic  soy  broth 
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for  overnight  growth.  The  S.  aureus  mutants  used  in  experiments  were  grown  overnight 
in  8  ml  of  tryptic  soy  broth  (TSB)  to  which  5  microliters  of  chloramphenicol  were  added. 
Normally  the  ratio  of  chloramphenicol  to  TSB  was  lul  per  ml  of  TSB.  All  mutant  strains, 
except  the  clumping  factor  negative  mutant,  A2,  were  grown  in  TSB  with 
chloramphenicol. 

4-3-2  Experimental  Protocol 

The  first  step  of  an  experiment  was  the  preparation  of  the  phosphate  buffer  saline 
(PBS)  with  double  distilled  water  and  a  commercial  phosphate  buffer  dry  mixture 
(Dubelco's  PBS).  The  buffered  media  was  supplemented  with  0.1  mg  each  magnesium 
and  calcium  chloride  per  ml  of  solution  (at  pH  7.35).  Therefore,  to  one  liter  of  double 
distilled  water  there  were  added,  under  continuous  stirring  on  a  magnetic  plate,  two 
envelopes  of  powdered  Dubelco's  PBS  and  0.1  g  each  of  magnesium  and  calcium 
chloride.  This  buffer  was  the  base  for  the  albumin  and  fibrinogen  solutions  prepared  for 
coating  of  the  glass  slides  (50  mm  x  75  mm;  Fisher,  Pittsburgh,  PA).  The  buffer  was 
filtered  under  vacuum  through  a  Fisher  Scientific  0.2-micron  filter  to  ensure  an  initially 
particle-free  solution. 

Prior  to  their  respective  coatings,  the  glass  slides  were  cleaned  overnight  in  a 
chromic  acid  solution,  Chromerge,  (Fisher,  Pittsburgh,  PA),  and  subsequently  rinsed  with 
water,  and  submerged  for  two  hours  in  double  distilled  water. 

The  next  step  consisted  of  coating  the  pre-cleaned  glass  slides  with  the  respective 
coating  solutions  by  swirling  the  submerged  slides  in  a  Petri  dish  on  top  of  a  Roto  Mixer 
in  the  following  manner.  Slides  were  incubated  either  in  bovine  serum  albumin  (BSA) 
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solution  (0.5  %  by  weight)  or  in  a  solution  of  human  fibrinogen  (0.02mg  fibrinogen  /ml) 
for  one  hour,  then  for  1  hour  in  the  BSA  solution  to  block  any  remaining  surface  sites 
potentially  not  covered  by  the  fibrinogen.  The  slides  coated  with  BSA  served  as  a  non- 
adhesive  control  surface.  This  last  step  ensured  that  nonspecific  interactions  between  the 
bacteria  and  the  glass  were  eliminated.  The  albumin  and  fibrinogen  solutions  were 
prepared  using  the  pre-made  buffer,  which  was  filtered  before  use  in  the  coating  process. 

Bacteria  were  grown  overnight  in  tryptic  soy  broth  and  prior  to  each  experiment 
were  first  spun  down  to  a  pellet  in  a  centrifuge  in  order  to  remove  the  nutrient  media. 
They  were  subsequently  washed  twice  in  PBS  (by  spinning  down  and  re-suspending), 
and  prior  to  re-suspension  in  the  final  media  they  were  sonicated  lightly  to  dissociate 
aggregates.  Next,  bacteria  were  suspended  in  100  ml  PBS  at  an  approximate 
concentration  of  2x1 07  bacterial  cells/ml.  Such  a  low  concentration  was  desirable  to 
eliminate  particle-particle  interactions  during  the  deposition  experiments.  The  bacterial 
concentration  could  be  accurately  determined  in  an  automated  fashion  by  using  the 
automated  video  microscopy  system  coupled  with  image  analysis  to  count  the  particles  in 
a  certain  region  of  a  Petroff-Hauser  counting  chamber.  The  image  analysis  program  used 
in  this  step  is  called  COUNT.MAC  and  appears  in  the  APPENDIX.  The  particles  were 
counted  at  a  magnification  of  20X.  The  bacteria  at  the  determined  concentration  were 
further  used  in  the  attachment  experiments. 

The  PPFC  was  assembled  by  placing  the  treated  slide  over  the  silicone  rubber 
gasket.  The  entire  assembly  was  sealed  by  applying  a  vacuum  provided  by  a  vacuum 
pump.  The  protein  coated  slide  was  placed  such  that  the  top-facing  surface  in  the  Petri 
dish  during  the  coating  process  was  inverted  and  faced  downward  toward  the  flow  in  the 


30 

PPFC.  This  way  the  protein-coated  surface  was  exposed  to  flowing  bacteria  during  the 
experiment.  For  the  seal  to  hold,  it  was  absolutely  necessary  to  place  the  tube  for  the 
effluent  from  the  PPFC  at  a  level  much  lower  than  the  surface  on  which  it  was 
assembled.  Once  this  step  was  completed,  the  PPFC  was  mounted  on  the  x-y  motorized 
stage  of  the  inverted  Nikon  microscope  and  the  experiment  was  initiated.  The  bottom 
surface  of  the  chamber  was  observed  using  a  40X  objective.  The  tube  for  the  effluent 
from  the  PPFC  was  at  a  lower  level  than  that  of  the  microscope  stage. 

First,  only  PBS  solution  flowed  at  a  constant  rate  of  0.94ml/min,  corresponding 
to  a  shear  rate  of  100  t  ,  to  insure  a  pulse  free  flow  from  the  peristaltic  pump,  which  was 
used  to  pump  the  bacteria  suspension  in  the  chamber.  The  flow  was  stabilized  by 
manually  adjusting  a  screw  in  the  top  part  of  the  peristaltic  pump.  When  this  was 
achieved,  the  PBS  flow  was  stopped  and  the  change  was  made  to  pumping  bacterial 
solution  into  the  PPFC.  Once  bacteria  were  visualized  on  the  computer  monitor  as 
attaching  to  the  protein  coated  surface  the  Optimas  program  that  recursively  scans  fields 
over  the  attaching  surface  was  started  (SCAN.MAC).  From  this  point  until  the 
completion  of  the  experiment,  the  data  were  acquired  automatically  and  the  images  of  the 
fields  with  attached  particles  were  stored  in  the  computer  for  further  analysis. 

4-3-3  Modified  Experimental  Protocol 

The  experimental  protocol  described  in  Section  4-3-2  was  modified  in  the  latest 
experiments  because  of  problems  with  the  recent  batches  of  bovine  serum  albumin  (BSA) 
purchased  from  Sigma  Scientific.  The  new  BSA  batches  were  apparently  not  as  pure  as 
previous  batches.  It  is  believed  it  might  have  been  contaminated  with  fibrinogen  (Fg)  or 
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immunoglobulins  that  can  enhance  adhesion  of  a  S.  aureus  by  binding  to  protein  A  on  the 
cell  surface.  For  this  reason,  BSA  was  no  longer  used  for  blocking  non-specific  adhesion 
sites  on  the  glass  surface. 

In  literature  it  is  well  documented  that  milk  casein,  the  major  protein  in  milk, 
blocks  nonspecific  adhesion.  It  has  been  used  extensively  in  developing  ELISA  assays 
for  various  applications  with  the  common  denominator  of  milk  casein  blocking 
nonspecific  adhesion  sites  on  surfaces  (Wu  et  al.  1998,  Brown  et  al.  1997).  As  an 
extension,  dry  fat-free  milk  has  also  been  used  as  a  blocking  agent  for  nonspecific 
adhesion  (Zeng  et  al.  1996).  Therefore,  it  was  a  logical  extension  to  try  liquid  skim  milk 
instead  of  BSA  to  coat  the  glass  slides  in  order  to  attain  a  non-adhesive  control.  Milk  has 
on  average  a  composition  of  87%  water,  4.9%  lactose,  3.7%  fat,  1.3%  other  ingredients 
and  3.1%  milk  protein,  out  of  which  85-90%  is  casein  (Ferguson  1998). 

The  protocol  described  in  4-3-2  was  changed  in  terms  of  the  coating  used  for 
blocking  non-specific  adhesion  to  the  surface,  and  the  coating  time  for  Fg.  The  slides 
used  in  testing  the  effect  of  receptor  length  were  coated  first  overnight  in  a  0.02  mg/ml  of 
human  fibrinogen  in  PBS.  The  slides  were  rinsed  with  PBS  to  remove  any  unattached  Fg, 
and  skim  milk  was  added  in  the  Petri  dish.  The  slides  were  then  swirled  on  the  Roto 
Mixer  for  one  hour.  The  non-adhesive  control  slides  were  coated  only  with  skim  milk  for 
one  hour.  Protein  coated  slides  were  rinsed  and  refrigerated  in  PBS  prior  to  experiment. 

4-3-4  Results  Using  Initial  Protocol  in  Section  4-3-2 

A  sequential  strategy  was  used  to  attain  the  significant  results  presented  in  this 
section.    Series  of  experiments  were  run  initially  using  1  //m   polystyrene     beads 
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(Polysciences,  Inc.)  as  model  bacteria  in  varying  electrolyte  concentration  in  the 
suspension  media  in  order  to  establish  the  experimental  protocol  for  use  with  the  S. 
aureus  bacteria.  This  initial  approach  was  used  to  eliminate  any  problems  with  the  PPFC, 
such  a  non-uniform  laminar  field  or  leaks  in  the  system.  It  also  helped  to  eliminate  the 
bugs  in  the  Optimas  program  (macro)  code  used  in  the  automatic  acquisition  of  data  for 
the  attachment  experiments. 

Once  the  protocol  was  perfected,  genetically  engineered  S.  aureus  mutants  with 
varying  length  receptors  were  used  to  measure  the  effect  of  receptor  length  on 
attachment.  These  mutants  were  obtained  from  our  collaborators  at  Trinity  College  in 
Ireland,  and  this  system  would  be  more  similar  to  an  in  vivo  condition.  The  pertinent 
results  are  further  described.  The  sequence  of  mutants  with  the  corresponding  receptor 
lengths  is  illustrated  in  Figure  4-6. 

A  plot  of  intrinsic  attachment  rate  constant,  k+,  vs.  length  of  the  repeat  region  of 
clumping  factor  (ClfA)  for  S.  aureus  attaching  to  a  fibrinogen  coated  surface  appears  in 
Figure  4-7.  The  measured  rate  constant  of  attachment  on  fibrinogen-coated  surfaces  was 
found  to  be  significantly  lower  for  the  mutant  strains  with  shorter  stalk  regions  than  the 
Newman  wildtype.  It  is  clearly  visible  that  an  increase  in  k+  occurred  as  the  length  of  the 
receptors  present  on  the  S.  aureus  surface  increased.  There  appeared  to  be  a  critical 
receptor  length  for  which  there  was  a  sharp  increase  in  the  attachment  rate  constant.  Also 
the  baseline  (at  lower  receptor  lengths)  indicates  background  binding  to  the  fibrinogen- 
coated  surfaces,  which  may  be  due  to  the  presence  of  other  fibrinogen-binding  proteins 
on  the  bacterial  surface.   Based  on  comparison  to  the  mutant  strain  that  was  completely 
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devoid  of  clumping  factor,  the  shortened  receptor  was  still  effective  in  promoting 
attachment  to  the  fibrinogen-coated  surface.  However,  the  length  of  the  repeat  region  in 
ClfA  seemed  to  play  a  critical  role  in  promoting  attachment,  which  is  consistent  with  the 
hypothesis  that  this  region  serves  as  a  stalk  to  project  the  ligand-binding  domain  to 
increase  the  probability  of  binding  with  ligands  in  the  cell's  environment. 
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Figure  4-7  Effect  of  receptor  length  on  bacterial  attachment  kinetics  in  the  PPFC 


This  was  the  first  study  to  demonstrate  that  receptor  is  a  critical  molecular 
parameter  in  determining  the  rate  of  cell  attachment  under  well-defined  flow  conditions. 
These  results  were  also  consistent  with  theoretical  predictions  that,  in  the  presence  of 
repulsive  non-specific  forces,  k+  should  be  a  strong  function  of  the  length  of  bridging 
molecules  in  the  deposition  of  particles  to  a  surface  (Dickinson  1997).  A  qualitative 
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comparison  between  this  theory  and  the  experimental  results  is  shown  in  Figure  4-8. 
The  mechanistic  model  predicts  a  sharp  increase  in  k+  at  a  critical  receptor  length,  then  a 
weakening  dependence  as  the  length  continues  to  increase.  As,  illustrated  in  Figure  4-9, 
this  trend  results  from  a  lower  effective  energy  barrier  to  attachment  by  moving  the 
characteristic  distance  of  receptor-ligand  binding  farther  from  the  surface.  Eventually, 
this  distance  is  sufficiently  large  to  negate  the  repulsive  force,  and  the  attachment 
becomes  rate  limited  only  by  the  rate  Brownian  motion  and  the  rate  of  the  receptor-ligand 
reaction.  The  position  of  the  sharp  increase  on  the  abscissa  depends  on  the  magnitude  of 
the  repulsive  forces,  as  shown  in  Figure  4-10. 

4-3-5  Results  Using  the  Modified  Experimental  Protocol  in  Section  4-3-3 

These  experiments  were  performed  using  the  same  genetically  engineered  S. 
aureus  mutant  strains  of  varying  receptor  lengths  with  the  only  difference  being  the  use 
of  skim  milk  to  block  non-specific  adhesion.  The  results  are  similar  to  the  ones  presented 
in  Section  4-3-4;  however,  they  are  more  complete  since  they  include  all  of  the  available 
S.  aureus  mutant  strains  with  varying  receptor  length,  and  they  measure  attachment  of  all 
strains  on  'non-adhesive'  control  surfaces. 
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Figure  4-8  .  Comparison  of  the  mechanistic  model  predictions  to  measured  values  of  k+ 


Using  this  protocol,  two  types  of  experiments  were  performed  as  characterized  by 
the  surface  used  for  adhesion.  One  type  of  experiment  studied  the  attachment  of  S.  aureus 
mutant  strains  onto  fibrinogen-coated  surfaces.  This  experiment  revealed  the  importance 
of  receptor  length  in  adhesion  of  bacteria  to  ligand-coated  surfaces.  The  second  type  of 
experiment  was  a  control  experiment  in  which  adhesion  of  the  same  S.  aureus  mutant 
strains  used  in  the  previous  experiment  was  studied  on  glass  surfaces  coated  with  skim 
milk.  As  described  in  Section  4-3-3,  skim  milk  was  used  to  block  non-specific  adhesion 
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Figure  4-9.  Mechanistic  model  results — effect  of  energy  barrier 

This  plot  shows  the  results  of  the  mechanistic  model.  It  indicates  that  the  observed 
increase  in  attachment  with  increase  in  receptor  length  is  due  to  the  decrease  in  the 
energy  barriers  to  attachment. 


onto  the  slide.  This  has  proved  an  excellent  control  for  S.  aureus  attachment  to  fibrinogen 
surfaces.  The  results  appear  in  Figure  4-11  below.  An  increase  in  the  intrinsic 
attachment  rate  constant  was  observed  with  increasing  length  of  the  repeat  region  for  the 
S.  aureus  fibrinogen  receptor.  These  data  are  consistent  with  the  hypothesis  that  receptor 
length  plays  a  critical  role  in  the  rate  of  bacterial  attachment  to  surfaces.  A  sharp 
increase  and  saturating  effect  was  again  observed. 
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Figure  4-10.  Mechanistic  model  results-effect  of  the  magnitude  of  non-specific  repulsive 
forces. 


For  the  control  experiments,  the  attachment  rate  onto  the  skim  milk-coated  glass 
surfaces  was  lower  than  in  attachment  to  fibrinogen  substrate.  There  was  however,  some 
background  binding  of  S.  aureus  mutants  to  the  control  surfaces  as  well,  which  could 
have  resulted  due  to  other  proteins  present  on  the  bacterial  surface.  Another  interesting 
observation  was  that  the  attachment  rate  appeared  to  decrease  with  increasing  length  of 
the  receptor  on  the  skim  milk-coated  surfaces.  A  possible  explanation  for  this  observation 
is  that  in  the  absence  of  the  fibrinogen  ligand,  the  stalk-like  clumping  factor  increased  the 
long-range  steric  repulsion  forces  by  blocking  any  non-specific  binding  between  the  cells 


38 

and  the  surface.    This  repulsive  effect  would  be  expected  to  increase  with  increasing 
receptor  length,  as  observed. 
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Figure  4-11.  Plot  of  k+  vs.  receptor  length  for  S.  aureus  mutants  on  Fg  and  skim  milk 
control  surfaces 

'CF-mutant'  refers  to  the  mutant  strain  devoid  of  clumping  factor.  Wildtype  refers  to  the 
native  Newman  strain.  'SM'  indicates  skim  milk-coated  control  surface.  'Fg'  indicates 
fibrinogen-coated  surface. 


Comparison  of  the  attachment  kinetics  results  obtained  with  the  non-specific 
adhesion  blockers,  BSA  and  skim  milk,  respectively,  showed  a  similar  trend,  i.e.,  an 
increase  in  k+  with  increase  in  the  receptor  length.  However,  the  values  of  k+  are  different 
for  the  two  sets  of  experiments.  k+  values  for  the  experiments  using  skim  milk  were  lower 
than  the  values  obtained  when  BSA  was  used  as  the  non-specific  adhesion  blocker.     A 
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possible  reason  for  this  could  be  that  the  skim  milk  affected  the  nonspecific  repulsive 
interactions.  An  increase  in  the  repulsive  interactions  would  have  caused  the  observed 
decrease  in  k+.  Also  the  position  of  sharp  increase  in  k+  vs.  R  was  different.  For  the 
surfaces  treated  with  BSA,  the  sharp  increase  in  k+  occurred  at  a  longer  length  of  the  R 
region  than  for  the  surfaces  treated  with  skim  milk. 

These  experimental  and  theoretical  results  suggest  that  molecular  properties  other 
than  simply  the  affinity  of  the  binding  sites  between  receptor  and  ligand  govern  the 
function  of  the  receptor  in  mediating  cell  attachment.  This  observation  is  relevant  to 
further  understanding  of  the  molecular  and  physical  basis  for  bacterial  attachment  to 
biomaterial  surfaces. 


4-4  Measurement  of  the  Role  of  Electrolyte  Concentration  in  Bacterial  Adhesion  to  Glass 

Surfaces 

Bacterial  adhesion  is  also  crucial  in  water  purification  by  filtration.  In  the  design 
of  filters  for  separation  of  bacteria  from  wastewater  streams,  enhanced  bacterial 
attachment  to  filter  surfaces  is  desirable.  Filter  surfaces  can  be  modified  to  decrease  the 
potential  energy  barrier  to  attachment.  This  can  be  achieved  by  several  means.  The  filter 
surface  can  either  be  coated  with  a  surfactant  or  in  the  particular  case  of  wastewater 
treatment  with  a  metal  hydroxide  which  will  lower  the  surface  energy.  At  the  University 
of  Florida  Engineering  Research  Center  for  Particle  Science  and  Technology,  a  novel 
method  was  investigated  for  bacteria  separation  from  wastewater  streams.  It  consisted  in 
the  use  of  metal  hydroxide  coated  sand  in  a  packed  bed  through  which  bacteria 
suspensions  flowed.    This  coating  is  believed  to  enhance  bacterial  deposition  by  altering 
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the  electrostatic  interactions  to  lower  the  energy  barrier  to  attachment  (Truesdail  et  al. 
1998). 

As  an  initial  step,  to  better  understand  the  role  of  electrostatic  forces  on  bacterial 
deposition,  the  effect  of  electrolyte  concentration  in  the  media  on  k+  was  measured  using 
the  above  methodology  for  measuring  particle  attachment  kinetics  under  well-defined, 
laminar  flow  conditions  in  the  PPFC.  The  surfaces  used  in  the  study  were  glass  slides 
thoroughly  cleaned  in  chromic  acid  solution  overnight,  then  rinsed  and  submerged  in 
double  distilled  water  prior  to  experiments.  The  bacterial  strain  used  was  the  common 
pathogen,  S.  aureus.  It  was  suspended  at  a  concentration  of  2x10  7  cells/ml  in  sodium 
chloride  solutions  of  a  different  electrolyte  concentration  for  each  particular  experiment. 
Electrolyte  concentrations  used  in  the  attachment  kinetics  experiments  were  1x10"*, 
lxlO'3, 10"2,  and  1M. 

Figure  4-12  is  a  plot  of  the  negative  log  of  the  electrolyte  concentration  vs.  k+. 
The  data  showed  a  sharp  increase  in  k+  with  increasing  electrolyte  concentration.  In  terms 
of  DLVO  theory,  this  observation  is  consistent  with  a  decrease  in  the  energy  barrier  to 
attachment  for  bacteria  as  the  characteristic  length  (Debye  length)  and  repulsive 
electrostatic  forces  decrease  (Prieve  &  Ruckenstein  1974).  Eventually,  attractive  van  der 
Waals  forces  predominate  and  the  rate  of  attachment  becomes  limited  by  only  the  rate  of 
diffusion  or  sedimentation  over  the  boundary  layer  near  the  surface. 
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Figure  4-12.  A  plot  of  intrinsic  attachment  rate  constant,  k+,  vs.  electolyte  concentration 
Attachment  of  S.  aureus  wildtype  on  glass  was  measured  as  a  function  of  electrolyte 
concentration. 


CHAPTER  5 

MATHEMATICAL  MODEL  FOR  PARTICLE  TRANSPORT  TO  THE  BOTTOM 
ATTACHING  SURFACE  IN  THE  PARALLEL  PLATE  FLOW  CELL 


5-1  Modeling  Particle  Attachment  Kinetics 

The  purpose  of  this  section  is  to  give  a  background  on  the  modeling  of  colloidal 
particle  attachment  and  on  what  has  been  published  in  the  literature  as  well  as  highlight 
the  differences  between  the  procedure  described  in  this  dissertation  (Section  5-2)  and  its 
advantages  over  other  protocols.  This  model  developed  here  is  used  in  conjunction  with 
attachment  kinetics  experimental  results  of  the  effective  attachment  rate  constants  to 
predict  an  intrinsic  attachment  rate  constant  independent  of  any  global  parameters  in  the 
parallel  plate  flow  cell. 

Several  experimental  systems  are  known  and  used  in  the  modeling  of  particle 
deposition  onto  collectors.  Each  system  comes  with  its  inherent  quantitative  formulation 
of  the  particle  transport  to  the  attaching  surface  in  well-defined  conditions.  In  each  case 
the  particle  deposition  rate  can  be  calculated  from  the  particle  transport  equation  in  the 
particular  system.  Systems  used  include  the  rotating  disk,  stagnation-point  flow,  parallel- 
plate  flow  cell,  spherical,  and  cylindrical  collectors. 

For  example,  Marmur  et  al.  studied  theoretically  the  kinetics  of  cell  deposition 
from  stagnant  solutions  under  conditions  in  which  the  cellular  adhesion  rate  is  determined 
by  both  the  escape  over  the  potential  energy  barrier  and  by  the  cell  transport  rate  to  the 
surface  (Marmur  et  al.  1976).       Other  researchers  have  studied  the  kinetics  of  latex 
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particle  deposition  from  flowing  suspensions  using  a  stagnation  point  flow  created  by  a 
rotating  disk  (Dabros  et  al.  1977)  or  spherical  and  cylindrical  collectors  usually  applied  in 
filtration  modeling  (Adamczyk  &  Van  de  Ven  1981  &  Adamczyk  et  al.  1983).  The 
rotating  disk  has  been  used  in  particle  deposition  studies  due  to  its  simple  and  well- 
defined  hydrodynamics  and  mass  transfer.  In  stagnation-point  flow  the  thickness  of  the 
hydrodynamic  and  diffusion  boundary  layers  are  constant  close  to  the  stagnation  point.  If 
a  transparent  collector  surface  is  used,  then,  in  stagnation  point  flow  one  can  view  under 
microscope  the  particle  deposition.  Until  1982  the  deposition  rates  for  particles  have  been 
evaluated  from  turbidity  changes  of  a  suspension  before  and  after  leaving  a  filter.  In  such 
experiments  the  attached  particle  density  was  measured  either  in  an  indirect  way  or  the 
collector  surface  was  removed  from  the  experimental  environment  and  particles  counted 
under  microscope  post-experimentally.  Direct  visualization  under  microscope  cannot  be 
applied  when  a  rotating  disk  is  used  due  to  its  motion. 

Particle  deposition  in  a  stagnation-point  flow  can  provide  a  first  approximation 
for  particle  deposition  on  complex  systems  such  as  spherical  and  cylindrical  collectors 
(Elimelech  et  al.  1995).  Other  researchers  have  studied  particle  deposition  in  stagnation 
point  flow  (Dabros  &  van  de  Ven  1983,  1987,  Chari  &  Rajagopalan  1985a,b,  Adamczyck 
etal.  1986). 

Parallel-plate  flow  cells  have  been  used  to  study  particle  attachment  kinetics  onto 
stationary  surfaces.  Bowen  and  Epstein  (1979)  studied  latex  particle  deposition  in  a 
parallel-plate  flow  cell  using  an  indirect  method  for  measuring  the  attached  particle 
density  based  on  radioactive  isotope  activity  measurements  of  the  isotropically  active 
particles.     Other  literature  counts  exist  of  the  use  of  a  parallel-plate  flow  cell  for 
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theoretical  and  experimental  studies  of  particle  deposition  (Adamczyck  &  van  de  Ven 
1981,  Sjollema  &  Busscher  1989,  1990).  However,  none  predict  an  intrinsic  attachment 
rate  constant  independent  of  any  global  parameters  as  the  model  described  in  Section  5-2. 
Radial-flow  cells  have  also  been  used  to  study  shear-dependent  bacterial  adhesion 
kinetics  to  biomaterial  surfaces  (Dickinson  &  Cooper  1995).  Intrinsic  attachment  and 
detachment  rate  constants  are  estimated  by  fitting  mathematical  models  to  resulting 
experimental  data.  The  model  for  cell  attachment  accounts  for  the  global  transport  of  the 
cell  in  the  chamber  to  estimate  the  cell  concentration  near  the  collector  surface.  The 
model  described  in  the  next  section  is  similar  to  this  attachment  model  in  the  radial  flow 
cell.  However,  it  is  developed  for  a  different  geometry  of  the  PPFC. 

5-2  Model  Description 

As  mentioned  in  Chapter  4,  the  purpose  of  a  mathematical  model  was  to  correct 
for  variable  transport  effects  in  order  to  eliminate  the  dependence  of  the  effective 
attachment  rate  constant,  keff,  on  downstream  position  in  the  PPFC.  Specifically,  the 
model  estimates  the  concentration  of  particles  "near"  the  surface  at  a  boundary  layer 
distance,  T,  and  the  resulting  position-dependent  value  of  keJ^x),  for  a  given  intrinsic 
attachment  rate  constant,  k+.  The  model  prediction  is  then  fit  to  the  experimental  data  for 
krfx)  by  nonlinear  least-squares  regression  to  provide  the  best  estimate  of  k+.  The 
rationale  is  that  k+  is  a  local  parameter,  which  depends  only  on  local  surface  properties 
and  flow  conditions,  not  the  global  transport  effects  in  the  PPFC. 
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Figure  5-1.  Illustration  of  the  convective-diffusive  model  for  particle  transport  in  PPFC 
Schematic  of  a  lateral  view  of  the  PPFC  displaying  a  parabolic  flow  profile,  and 
illustrating  the  conditions  of  the  convective-diffusive  mathematical  model  used  to  correct 
for  transport  effects  to  the  surface  of  the  PPFC. 


A  schematic  of  the  flow  cell  and  model  assumptions  appears  in  Figure  5- 1 .  Upon 
neglecting  entry  and  exit  effects  (c.f.  Section  4-1-1),  the  parabolic  velocity  profile,  vx(z), 
can  be  solved  from  the  steady-state  Navier-Stokes  equation  to  yield 


v,(z)  = 


60    (  _z_ 

V      h 


wh 


(5-1) 


where  Q  is  the  volumetric  flow  rate,  w  is  the  width  of  the  chamber,  and  h  is  the  gap 
thickness.    The  shear  rate,  S,  on  the  surface  is  therefore 


S  = 


6Q_ 

wh2 


(5-2) 


which  allows  Eq.  (5-1)  to  be  rewritten  as 


vx(z)  =  Sz\\- 


h 


(5-3) 
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The  concentration  of  cells  in  suspension,  c(z,x),  is  a  function  of  both  vertical 
position  and  downstream  distance.  Exact  solution  of  c(z,x)  requires  knowledge  of  all 
forces  on  the  cells  in  suspension  and  how  these  forces  depend  on  position.  However,  in 
our  case,  the  forces  near  the  collector  surface  are  generally  not  known,  but  can  be 
assumed  to  act  on  the  particle  over  a  short  distance,  Y,  which  is  on  the  order  of  a  particle 
diameter.  At  separation  distances  greater  than  T,  only  convection,  Brownian  forces,  and 
gravitational  forces  are  assumed  to  act  on  the  particle.  It  is  also  assumed  that  the  cell 
concentration  is  sufficiently  low  to  neglect  cell-to-cell  interactions,  a  condition  that  is 
experimentally  imposed.  Accounting  for  diffusion  and  sedimentation,  the  net  particle 
flux  in  the  z-direction  is 

Jz  =  -vsc(x,z)  -D^^-  (z>  r)  (5-4) 

oz 

where  D  is  the  particle  diffusion  coefficient  and  v^  is  the  sedimentation  velocity. 
Assuming  diffusion  is  negligible  compared  to  convection  in  the  x-direction,  the  steady- 
state  continuity  equation  in  the  region  is 

n  ,  .d  c     „d2c         d  c  ^ 

o.-^_+D_+,,_      (2>n         (5.5) 

At  separation  distances  less  than  T,  the  steady-state  flux  of  particles  over 
boundary  layer  is  assumed  proportional  to  the  concentration  at  z=  r,  such  that 

-  J2  =  k+c(Y,  z)  (0  <  z  <T)  (5-6) 

This  flux  is  then  equal  to  the  rate  of  accumulation  of  cells  on  the  surface,  such  that 

dc. 


dt 


k+c(T,z)  (5.7) 
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The  attached  cell  density,  cs(x,t),  is  assumed  to  remain  sufficiently  low  over  the  duration 
of  the  experiment  to  neglect  any  dependence  of  k+  on  cs(x,t)  (also  experimentally 
imposed).  Recall  from  the  previous  chapter  that  the  rate  of  accumulation  is 
experimentally  measured  to  determine  the  effective  attachment  rate  constant,  keg(x), 
which  is  defined  in  terms  of  the  known  inlet  concentration,  co,  i.e. 

^  =  keff(x)c0  (5-8) 

at 

Equating  Eq.  (5-7)  and  (5-8)  yields 

keff{x)     c(T,x) 


(5-7) 


k+  c0 

Therefore,  determining  k+  from  keff(x)  requires  solution  of  the  cell  concentration  at  the 
boundary  layer,  c(T,x),  from  Eq.  (5-4). 

Solution  of  Eq.  (5-4)  requires  an  initial  condition  for  the  x-domain  and  two 
boundary  conditions  for  the  z-domain.  The  assumed  initial  condition  is  that  c=co  at  x=0 
and  z  >  r.  The  appropriate  lower  boundary  condition  is  obtained  by  matching  the  fluxes 
at  z  =  r,  Le. 

k+c(x,T)  =  D^-^-\r  +vsc(x,D  (5-8) 

o  z 

For  the  upper  boundary  condition,  it  is  assumed  that  the  concentration  is  undisturbed 
from  co  far  from  the  surface,  such  that 

c  =  c0  (z » T)  (5-9) 
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5-3  Dimensionless  Equations 

Before  solving,  the  governing  equations  were  made  dimensionless  by  scaling  with 
respect  to  the  characteristic  dimensions.  The  characteristic  downstream  distance  was  the 
length  of  the  chamber,  L=  75  mm.  The  characteristic  vertical  dimension  was  chosen  to 
be  D/vs,  which  is  the  predicted  decay  length  of  concentration  near  the  surface  under  the 
special  case  of  no  flow  and  no  attachment  (i.e.,  the  decay  length  of  the  exponential 
solution  to  Eq.  (5-4)  under  for  S=0  and  k+  =  0).  The  dimensionless  spatial  coordinates 
are  then 


Eq.  (5-4)  becomes 


*-■ 


y 


d  u 
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( a  2u    a  u^ 


at,    P(y-vy2) 


■+• 


d  yl      d  y 


where  u=c/co,  and  the  characteristic  dimensionless  parameters  are 

D 


(5-10) 


(5-11) 


(5-12) 


(5-13) 


e=s± 

v„ 


(  D^ 


Lv 


y^vj 


(5-14) 


The  dimensionless  inlet  and  upper  boundary  conditions  are  u(%=0,y)=l  and  u(%,y=H)=l, 
respectively,  where  H»  1  is  the  chosen  upper  boundary  distance.  (In  the  results  shown 
here,  H  was  chosen  to  be  equal  to  5,  which  was  confirmed  to  be  appropriately  large  by 
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checking  that  the  solution  yielded 


d  u 


d  y 


0).  The  dimensionless  lower  boundary 


y=H 


condition  is 


d  u 


d  y 


y=r 


where  y  =  Tv/D,  and  a  =  k+/vs. 


(a-\)u(t,y) 


(5-15) 


5-4  Model  Solution 


Eq.  5-12  was  solved  numerically  using  a  centered  finite  difference  approximation 
of  the  v-domain  (y  <  y  <  H)  to  convert  Eq.  (5-12)  into  a  system  of  n  ordinary  differential 
equations  of  the  form 


d  u, 
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d  u, 


1 
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W 
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(2<j<n-l)  (5-16) 
(5-17) 


where  u„  =  1,  corresponding  the  boundary  condition  at  v  =  H,  and  from  the  finite 
difference  approximation  of  Eq.  (5-15), 

u0=u2-  2(a  -  l)Av 


(5-18) 


which  corresponds  to  the  boundary  condition  at  v  =  y. 

For  given  values  of  parameters,  y,  /?,  rj,  and  a,  the  system  of  ordinary  differential 
equations  shown  in  Eqs.  (5-16)  and  (5-17)  were  numerically  integrated  in  the  ^-direction 
using  a  fourth  order  Runga-Kutta  routine  with  step  size  control  (Dormand  &  Prince 
1980).    In  the  fitting  of  the  model  solution  to  the  data,  #  tj  and  y  were  fixed  parameters, 
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and  a  was  a  fitted  parameter.  To  estimate  the  fixed  parameters,  the  diffusion  coefficient 
was  estimated  using  Stokes  Einstein  equation  for  one-micron  diameter  particle,  to  find  D 
=  3xl0"7cm2/min.  The  sedimentation  velocity  for  S.  aureus  was  estimated  previously  at 
v^.SxlO^cm/min  (Dickinson  &  Cooper  1995).  The  boundary  layer  thickness  was 
chosen  to  be  one  cell  diameter,  or  r=lxl0"4cm  From  these  values,  ft  was  estimated  to 
equal  to  1.7  for  5=100  s'1,  /was  estimated  to  be  0.12,  and  rj  was  estimated  to  be  0.034. 

Because  the  model  was  used  to  estimate  the  fitted  parameter,  a,  the  sensitivity  of 
the  model  solutions  to  uncertainties  in  the  fixed  parameters  was  relevant  to  the  accuracy 
of  this  estimate.    The  sensitivity  of  the  dimensionless  solution  for  ke/vs  vs.  x/L  to  the 
dimensionless  parameter  a,  /?,  and  /are  shown  in  Figures  5-2,  5-3,  and  5-4,  respectively. 
(The  solution  was  not  significantly  dependent  on  tj  over  a  large  range  of  values; 
therefore,  a  corresponding  plot  for  rj  is  not  shown).    Figure  5-2  shows  the  effect  of 
dimensionless  attachment  rate  constant,  a,  on  the  resulting  effective  rate  constant,  keff. 
As  shown  in  this  plot,  if  k+  is  larger  than  v,  («>/),  the  model  predicts  a  decrease  in  keff 
with  downstream  distance  due  to  a  downstream  depletion  of  cells  in  suspension  from 
rapid  attachment  of  cells  near  the  surface  (c.f.  Eq.  5-7).  Similarly,  for  k+  less  than  v,,  the 
model  predicts  an  increase  in  %with  downstream  position  due  to  sedimentation  and  an 
accumulation  of  cells  near  the  surface.    This  plot  clearly  illustrates  the  importance  of 
correcting  for  variable  transport  to  the  surface  as  a  function  of  position  in  the  PPFC, 
because  the  effective  attachment  rate  constant  can  vary  with  measure  position  and  can 
deviate  significantly  from  the  intrinsic  rate  constant.     As  observed  in  Figures  5-3  and 
5-4,  the  model  solutions  are  somewhat  insensitive  to  the  values  of  ft  and  y  over  a  large 
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range  of  reasonable  values.    This  implies  that  moderate  uncertainty  in  these  parameter 
estimates  will  not  result  in  large  uncertainties  in  the  model  prediction  of  kef. 

The  optimal  value  k+  consistent  with  the  experimental  data  for  kefl(x)  was 
estimated  by  fitting  the  model  solution  to  the  experimental  data  using  nonlinear  least- 
squares  regression.  This  required  recursive  solution  of  the  model  for  iterative  values  of 
£+  to  minimize  the  weighted  sum  of  the  squares  of  the  residuals  between  the  model 
solution  and  the  data  points  for  keJg(x).  Specifically,  a  regression  program  was  written 
which  minimized  the  function 

S(K)  =  T,(keff,model(xl)-kefftdata(x,))2/af  (5-19) 

with  respect  to  k+,  where  a,  is  the  standard  error  in  the  measured  value  of  %at  position, 
Xj.       The    uncertainty    in    k+,    crk  ,     was    calculated    by    numerically    calculating 

d2S(kS~ 


aK  = 


dkj 


evaluated  at  the  optimal  value  of  k+ 


The  need  to  correct  for  transport  effects  in  the  PPFC,  especially  in  studies  of  the 
role  of  fluid  shear  rate  on  attachment,  is  further  demonstrated  in  Figure  5-5.  Here  values 
of  position-averaged  %and  k+  are  plotted  as  a  function  of  shear  rate  for  the  mutant  strain 
lacking  the  stalk  region  on  fibrinogen-coated  surfaces.  The  data  for  keff  suggest  a  strong 
dependence  of  attachment  rate  on  shear  stress.  However,  the  comparison  of  these 
uncorrected  values  to  the  estimated  values  of  k+  suggests  that  the  shear-dependence  of  % 
resulted  from  a  greater  accumulation  of  cells  near  the  surface  at  lower  flow  rates,  and  not 
due  to  any  effect  of  fluid  forces  on  the  probability  of  cell  attachment. 
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Figure  5-2.  Plot  of  the  effective  attachment  rate  constant  vs.  dimensionless  downstream 
distance  for  various  values  of  the  dimensionless  intrinsic  attachment  rate  constant 
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Figure  5-3.     Plot  of  the  dimensionless  attachment  rate  constant  as  a  function  of 
downstream  distance  for  various  values  of  the  the  dimensionless  flow  parameter,  fi 
The  curves  correspond  to  /^ranging  from  0.5  to  2.5.     This  plot  llustrates  the  model 
predictions  are  only  weakly  sensitive  to  /?for  both  large  and  small  values  of  a. 
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Figure  5-4.  Plot  of  the  dimensionless  attachment  rate  constant  as  a  function  of 
downstream  distance  for  various  values  of  the  the  dimensionless  boundary  layer 
thickness,  y 

The  curves  correspond  to  /ranging  from  0.06  to  0.3.  This  plot  llustrates  the  model 
predictions  are  only  weakly  sensitive  to  y  for  both  large  and  small  values  of  a. 
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Figure  5-5.  Plot  of  the  dimensionless  k+  and  average  fc^as  a  function  of  shear  rate  for  a  S. 
aureus  mutant  with  a  missing  R  region. 


CHAPTER  6 

EVANESCENT  WAVE  LIGHT  SCATTERING  COUPLED  WITH  THREE 
DIMENSIONAL  OPTICAL  TRAPPING1 


6-1  Introduction 


To  gain  full  understanding  of  the  role  of  surface  interactions  in  bacterial 
attachment,  it  is  desirable  to  correlate  the  measure  attachment  rate  constants  with  the 
surface  forces  between  the  cell  and  substratum.  However,  no  method  was  previously 
available  to  measure  the  interaction  forces  between  a  single  bacterium  and  a  surface. 
Evanescent  Wave  Light  Scattering  coupled  with  Three  Dimensional  Optical  Trapping 
(EWLS/3DOT)  is  a  novel  technique  developed  to  directly  measure  the  potential  energy  of 
interaction  between  a  particle  and  an  (optically  transparent)  surface  from  an  initial 
measurement  of  the  separation  distance  between  the  particle  and  the  surface.  By 
integration  of  the  potential  curve  one  can  also  obtain  interaction  forces  between  a  particle 
and  a  surface. 


Several  members  of  my  group  have  contributed  to  the  development  of  the  EWLS/3DOT.  My  role  was  in 
initiating  the  design,  assembly,  and  preliminary  testing  of  the  apparatus.  Aaron  Clapp  has  since  been 
primarily  responsible  for  the  analysis  for  obtaining  force  measurements  from  the  raw  signal.  Sections  of 
this  chapter  closely  follow  our  paper  submitted  to  Rev.  Sci.  Instruments,  co-authored  by  Clapp,  myself,  and 
Dickinson. 
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6-2  Apparatus  /  Principle  of  Operation 


The  EWLS/3DOT  apparatus  consists  of  several  parts  which  are  integrated  into  an 
existing  inverted  optical  microscope  (Diaphot  200,  Nikon  Corporation,  Mellville,  N.Y.) 
equipped  with  an  x-y  motorized  stage  (LUDL  Electronic  Products,  Hawthorne,  NY)  and 
a  z-focus  control  through  the  microscope  objective  (Figure  6-1).  The  key  components 
have  the  following  important  purposes:  (a)  generation  of  an  evanescent  wave  for 
measurement  of  particle-surface  separation  distance;  (b)  laser  trapping  of  the  particle 
from  suspension;  (c)  measurement  of  light  scattering  intensity  from  trapped  particle;  and 
(d)  visualization  of  the  trapped  particle.  The  other  components  will  be  described  in  the 
order  of  their  respective  relation  to  the  main  components. 


objective  with  Z  focus  control 


He-Ne  laser 


X-Y  motorized  stage 


diode  trapping 
laser 


aperture 


Figure  6-1.  Structural  schematic  of  key  components  of  the  EWLS/3DOT  apparatus 
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The  principle  of  operation  of  this  novel  technique  is  based  on  the  generation  of  an 
evanescent  wave  (Figure  6-2)  at  a  glass-liquid  interface  upon  the  total  internal  reflectance 
of  a  laser  beam  directed  through  a  dove  prism  (BK7  glass,  45  degree  angle;  Optosigma, 
Santa  Ana,  CA).  The  dove  prism  is  optically  coupled  using  an  immersion  oil  of  the  same 
index  of  refraction  (n  a  =1.515)  as  the  prism  and  the  glass  chamber  holding  the  particle 
suspension.  The  laser  generating  the  evanescent  wave  is  a  variable  17mW  randomly 
polarized  Helium-Neon  laser  of  wavelength  632.8  nm  (Melles  Griot,  Irvine,  CA).  The 
laser  beam  is  guided  to  the  hypotenuse  of  a  dove  prism  by  a  set  of  elliptical  mirrors 
mounted  on  a  pole  at  the  exit  of  the  beam  from  the  laser  housing.  The  angle  of  the  top 
mirror  can  be  manually  adjusted  using  a  thumbscrew.  This  adjusts  the  lateral  rotation  and 
vertical  pitch  of  the  mirror  mount  in  order  to  accurately  guide  the  laser  beam  into  the 
prism  at  an  angle,  which  provides  total  internal  reflectance  of  the  beam  at  the  surface  of 
the  glass  chamber.  This  creates  the  evanescent  wave  at  the  glass-liquid  interface  (i.e., 
precisely  controlling  the  penetration  depth  of  the  evanescent  wave). 

The  intensity  of  the  evanescent  wave  is  known  to  decay  exponentially  with 
increasing  distance  from  the  glass-liquid  interface.  Hence,  a  particle  present  in  the 
vicinity  of  this  evanescent  wave  will  scatter  light  proportional  to  the  intensity  of  the  laser 
beam  creating  this  evanescent  wave,  i.e.,  632.8  nm,  and  it  is  expected  that  as  the  particle 
is  brought  closer  to  the  glass  surface,  its  scattering  intensity  will  increase  exponentially. 
This  can  be  seen  in  Figure  6-3.  The  increase  in  scattering  intensity  as  the  particle  is 
brought  incrementally  toward  the  surface  can  be  visualized  on  a  computer  screen. 


Glass  Slide 
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Figure  6-2.  Schematic  of  the  principle  of  Evanescent  Wave  Light  Scattering 


The  novelty  of  this  technique  stems  from  the  integration  of  a  three-dimensional 
optical  trap  (Figures  6-4  and  6-5)  with  the  total  internal  reflection  microscopy  developed 
by  Prieve  (Prieve  &  Frej  1990).  The  three-dimensional  optical  trap  is  generated  by 
focusing  a  laser  beam  from  a  lOOmW  diode  laser  (Cell  Robotics,  Albuquerque,  NM) 
mounted  underneath  the  nosepiece  of  the  microscope  objective,  through  a  high  numeric 
aperture  objective  (Plan  Fluor  100X,  1.3  numerical  aperture,  oil  immersion;  Nikon 
Corporation,  Japan)  to  a  diffraction-limited  spot  (of  diameter  ~  X,  the  wavelength  of 
light)  at  the  focal  point  (Block  1992).  This  tightly  focused  beam  produces  intensity 
gradients  in  three  dimensions,  giving  rise  to  the  lateral  and  axial  trapping  components.  A 
particle  with  a  refractive  index  higher  than  that  of  the  surrounding  medium  will 
experience  a  trapping  force  directed  toward  the  region  of  highest  light  intensity  (Block 
1992). 
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Surface 


Figure  6-3.  Evanescent  Wave  Light  Scattering  of  Staphylococcus  aureus 
Images  in  the  left  column  (a)  are  of  a  S.  aureus  bacterium  far  from  the  surface.  The  top 
image  is  obtained  from  a  real  experiment  and  it  can  clearly  be  seen  that  the  bacterium  is 
scattering  less  light  than  in  the  case  where  the  particle  is  closer  to  the  surface  (right 
column  images  (b)).  The  bottom  pictures  in  both  columns  are  schematics  illustrating  the 
light  scattering  magnitude. 


A  trapped  particle  can  be  manipulated  laterally  by  moving  the  motorized  stage  in 
the  x  and  y  directions  and  it  can  be  positioned  axially,  by  vertically  positioning  the 
objective  with  a  high-resolution  stepping  motor  (Ludl  Electronic  Products,  Hawthorne, 
NY).  The  3DOT  can  be  used  to  bring  a  particle  in  the  vicinity  of  the  glass  surface  with 
excellent  resolution.  It  allows  the  trapped  particle  to  sample  positions  which,  otherwise 
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under  free  floating  conditions,  would  not  be  attainable  due  to  the  potential  energy  barrier 
between  the  particle  and  the  surface. 


100X  Objective 
1.3  NA/Oil  Immersion 


Figure  6-4.  Schematic  of  the  three-dimensional  optical  trap 

Lateral  view  of  how  the  high  numerical  aperture  objective  tightly  focuses  the  laser  beam 
to  a  diffraction  limited  spot.  A  micron-sized  particle  present  at  the  focus  of  the  laser  beam 
is  trapped. 


Essential  to  this  technique  is  the  automated  video  microscopy  system,  which 
includes  an  inverted  Nikon  microscope  and  a  monochrome  CCD  video  camera  (Thomas 
Optical  Measuring  Systems)  mounted  into  one  of  the  eyepieces.  The  image  of  a  trapped 
particle  within  the  glass  chamber  is  captured  and  sent  to  a  frame  grabbing  board  (\i  Tech) 
which  processes  the  image  and  displays  it  on  a  video  monitor.  Therefore,  the  trapping  and 
manipulation  of  a  particle  can  be  directly  observed  on  the  computer  monitor. 
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Figure  6-5.  Schematic  offerees  in  the  three  dimensional  optical  trap 

This  figure  illustrates  the  forces  acting  on  a  micron-sized  particle  at  the  laser  beam  focus. 

The  potential  at  the  trap  focus  is  harmonic. 


Central  to  understanding  the  measurement  of  the  particle  scattering  intensity  is  the 
existence  of  the  two  separate  light  paths  present  in  this  system.  One,  consisting  of  the  He- 
Ne  laser  beam  being  totally  internally  reflected  and  in  turn  generating  the  evanescent 
wave  and  a  second  one,  generated  by  a  halogen  lamp,  used  to  illuminate  the  chamber 
from  the  top  and  thus  allow  visualization  of  the  particle  through  the  microscope 
objective.  A  particle  present  in  this  evanescent  wave  will  scatter  light  at  the  same 
wavelength  as  the  He-Ne  laser.  Hence,  the  scattering  wavelength  that  needs  to  be  picked 
up  by  the  photomultiplier  tube  (PMT)  (Oriel  Instruments,  Stratford,  CT)  is  in  a  very 
narrow  range  around  632.8  nm,  the  wavelength  of  the  He-Ne  laser.  This  is  done  by 
mounting  on  the  PMT  a  band  pass  filter  (BPF),  (Nikon,  Japan)  which  blocks  all  other 
wavelengths  except  633  +/-  2  nm.  Since  the  scattering  intensity  of  a  trapped  particle  is 
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expected  to  be  quite  low,  a  very  narrow  aperture  (1mm  diameter)  is  also  mounted  ahead 
of  the  BPF  on  the  PMT  in  order  to  block  any  extraneous  scattering  from  the  system.  The 
highly  sensitive  PMT  delivers  a  continuous  voltage  signal,  which  is  linearly  proportional 
to  the  scattered  intensity. 

The  voltage  signal  from  scattering  intensity  of  the  particle  is  pre-amplified  before 
being  sent  to  a  data  acquisition  board  (Keithley  Instruments,  Cleveland,  OH)  and  stored 
for  further  analysis  and  determination  of  the  particle-surface  separation  distance.  This 
results  in  a  real-time  measurement  of  the  particle  position  near  the  test  surface. 

The  force  and  potential  energy  determination  methodologies  were  derived  in  our 
group  and  submitted  for  publication  along  with  some  preliminary  results  (Clapp  et  al. 
1997). 


6-3  Force  Measurement 

The  EWLS/3DOT  apparatus  is  capable  of  measuring  interaction  forces  between  a 
micron-sized  particle  and  a  flat  test  surface.  A  variety  of  particles  and  surfaces  can 
potentially  be  measured  provided  the  particle  system  is  appropriate  for  measurement  by 
the  optical  techniques  involved.  In  spite  of  these  restrictions,  there  are  still  numerous 
colloidal  systems  that  can  be  explored  using  the  technique,  especially  considering  the 
variety  of  coatings,  particle  types,  and  solution  characteristics  (e.g.,  ionic  strength,  pH, 
surfactant  concentration)  that  are  available.  However,  for  the  purpose  of  validating  the 
technique,  selection  of  a  well-defined  system  is  important.  Our  initial  studies  using  the 
technique  have  focused  on  aqueous  suspensions  of  \-jum  polystyrene  microspheres 
(1.072  ±0.019  mm;  Polysciences,  Warrington,  PA)  interacting  with  glass  substrata. 
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The  suspensions  prepared  for  experiments  must  have  a  relatively  low  particle 
density  such  that  the  apparatus  observes  only  the  interaction  of  a  single  particle  and  the 
test  surface.   Solutions  were  prepared  using  1  /mi  polystyrene  microsphere  densities  on 

the  order  of  10    particles/cm  ,  adequately  concentrated  to  allow  location  of  a  particle  but 

sufficiently  dilute  to  avoid  interactions  with  other  particles  during  measurements.    In 

addition  to  the  \-jjm  particles  a  small  amount  of  22-//m  polystyrene  microspheres 

(22.01 1  ±  3.031  um;  Polysciences)  were  added  to  serve  as  spacers  between  the  glass  slide 

and  cover  glass.    Solutions  were  prepared  using  22-/jm  polystyrene  microsphere  with 

4  3 

densities  on  the  order  of  10    particles/cm    sufficient  to  maintain  a  fixed  liquid  gap. 

Maintaining  the  gap  is  crucial  to  the  experiments  because  the  technique  intends  to  study 

the  interaction  of  a  single  particle  with  one  surface  only.   In  addition,  calibration  of  the 

trap  depends  on  a  region  of  zero  interaction  force  only  attainable  with  larger  gaps. 

Slides  were  prepared  for  experiment  by  placing  a  small  drop  (40  ju\)  of  particle 

solution  onto  the  center  of  the  slide  surface  and  overlaying  a  piece  of  cover  glass.  Excess 

water  was  drawn  into  a  tissue  by  capillary  forces,  thus  establishing  a  fixed  liquid  gap  as 

the  cover  glass  compressed  the  22-/tfn  spacer  microspheres.   A  small  drop  of  immersion 

oil  was  placed  onto  the  objective  lens  and  the  slide  was  mounted  onto  the  motorized  stage 

with  the  cover  glass  facing  down  toward  the  objective.  The  objective  was  raised  until  the 

oil  bead  was  compressed  between  the  objective  and  cover  glass.    By  translating  the 

motorized  stage  and  adjusting  the  position  of  the  objective  with  the  fine  focus  control,  an 

isolated  free  particle  was  located  in  the  field  of  view.  The  optical  trap  was  activated,  and 

the  free  particle  was  positioned  into  the  trap  center  by  precise  movements  of  the  stage 

and  focus  motors.    Once  trapped,  the  particle  was  fixed  near  the  focal  point  of  the 
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objective  (trap  center),  and  for  any  small  translation  of  the  stage  or  objective,  the  particle 
remained  fixed  with  respect  to  the  focal  point. 

With  a  particle  trapped  in  the  liquid  gap,  a  small  amount  of  immersion  oil  was 
placed  upon  the  upper  surface  of  the  glass  slide,  centered  over  the  objective  lens.  The 
dove  prism  was  placed  over  the  oil,  optically  coupling  the  prism  to  the  slide  below.  The 
He-Ne  laser  was  activated  and  its  beam  directed  into  the  center  of  the  hypotenuse  face  of 
the  dove  prism  by  the  adjustable  mirror  at  an  angle  sufficient  for  total  internal  reflection 
at  the  glass-water  interface.  The  trapped  particle  was  then  moved  axially  (z)  towards  the 
glass  surface  until  it  was  pressed  as  far  as  possible  into  the  surface  by  the  trap.  The 
mirror  was  adjusted  to  maximize  the  scattered  intensity  of  the  particle.  This  laser 
alignment  step  improved  the  ability  of  the  PMT  to  sense  changes  in  intensity  due  to  small 
fluctuations  in  the  axial  direction  and  the  signal-to-noise  ratio. 

With  the  optics  properly  adjusted,  the  particle  was  withdrawn  from  the  surface  to 
a  point  far  from  the  surface  (>5  jura)  where  no  scattering  was  measurable.  A  computer 
program  was  written  in  Microsoft  Visual  Basic  to  collect  data  and  precisely  control  the 
trap  position  in  the  axial  direction.  For  each  trap  position,  scattered  intensities  from  the 
particle  measured  by  the  PMT  were  sampled  by  the  data  acquisition  system  for  a  given 
time  interval  after  which  the  position  of  the  trap  was  moved  a  small  distance  (10  nm  or 
more)  toward  the  surface.  The  procedure  was  repeated  until  the  axial  trapping  force 
imposed  on  the  particle  was  insufficient  to  move  the  particle  any  closer  to  the  surface 
with  subsequent  moves  of  the  trap  center  (outside  of  the  linear  trapping  force  regime). 
The  experimental  data  was  saved  at  each  trap  position  to  a  PC  file  and  analyzed  at  a  later 
time. 
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6-4  Data  Analysis 
6-4-1  Overview 

Data  collection  and  axial  trap  position  are  both  controlled  via  in-house  software. 
The  digital  sampling  parameters  of  the  PC  data  acquisition  board  are  user-defined  at  run- 
time along  with  the  trap  center  position.  The  program  records  three  quantities  for 
sampling  at  a  given  trap  position,  relative  axial  trap  center  position,  sampled  voltage 
mean,  and  sampled  voltage  variance.  As  the  software  begins  acquiring  data,  the  program 
records  the  first  trap-center  position  as  zero  and  refers  to  all  future  trap-center  positions 
relative  to  the  initial  position.  This  method  records  all  the  data  that  is  necessary  for 
determining  the  mean  relative  separation  distance,  trap  stiffness,  and  mean  interaction 
force. 


6-4-2  Calculating  Particle  Position 

As  discussed  elsewhere  (Chew  et  al.  1979),  the  intensity  of  scattered  light,  l(z), 
from  a  particle  decays  exponentially  with  normal  separation  distance,  z,  from  the 
reflecting  surface: 

/(z)  =  /(0)«r*  (6-1) 

where,  /(0)  is  the  intensity  of  the  particle  contacting  the  surface,  and  where  the 

evanescent  wave  decay  constant  is  determined  by 
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4;rr  <   .  *  „       ,11/2 
/?=— [«2sin23-H22] 

A) 


(6-2) 


Calculating  the  mean  particle  position  from  the  mean  collected  intensity,  for  a 
large  number  of  samples,  involves  deriving  normally  distributed  statistics  from  a 
lognormally-distributed  data  set.  Because  of  the  stiffness  of  the  optical  trap,  fluctuations 
of  the  particle  position  within  the  trap  are  generally  small2  and  closely  obey  a  Gaussian 
distribution  with  mean,  (z) ,  and  variance,  a].  This  condition  and  equation  (6-1)  imply 
that  the  fluctuations  in  /  obey  a  lognormal  distribution  with  mean,  (/) ,  and  variance,  c] , 
from  which  the  first  two  statistical  moments  of  z  can  be  calculated  as 
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where  aj  is  the  variance  in  /.  Figure  6-6(a)  is  a  histogram  of  relative  separation  distance 
for  a  trapped  \-jum  polystyrene  particle.  The  solid  line  is  a  normal  probability 
distribution,  based  on  the  mean  and  variance  of  separation  distance,  which  indicates  that 
the  positions  are  normally  distributed.  Figure  6-6(b)  is  a  histogram  of  sampled  intensities 
(Voltage  units)  for  a  trapped  one-micron  polystyrene  particle.  The  solid  line  is  a 
lognormal  probability  distribution,  which  demonstrates  that  the  sample  intensities  follow 
a  lognormal  distribution.  Equation  (6-3)  indicates  that  measurement  of  /(0)  allows 
calculation  of  the  absolute  separation  distance,  (z) .   However,  1(6)  is  not  necessary  for 


2  This  assumption  is  violated  when  the  negative  curvature  of  the  interaction  potential,  -d2j/dz2 ,  is 

comparable  to  the  trap  stiffness,  y,  which  occasionally  occurs  in  regions  of  strong  attraction  and  requires  a 
more  complex  analysis  not  discussed  here. 
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calculation  of  the  relative  separation  distance  between  different  measured  positions, 
therefore,  all  positions  can  be  measured  to  an  undetermined  constant,  —In  1(0) . 
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Figure  6-6  Histograms  for  a  trapped  \jum  polystyrene  particle 

(a)  Histogram  of  sampled  intensities  for  a  trapped  l//m  polystyrene  particle.  The  solid 
line  is  a  plot  of  a  lognormal  probability  distribution  using  data  statistics.  The  plot 
indicates  the  lognormal  nature  of  the  sampled  intensities  as  expected  due  to  the 
exponential  decay  of  the  intensity  with  separation  distance,  and  the  normally  distributed 
behavior  of  the  particle  position,  (b)  Histogram  of  relative  separation  distances  for  a 
trapped  l/jm  polystyrene  particle.  The  solid  line  is  a  plot  of  a  normal  probability 
distribution  using  statistical  quantities  from  the  sampled  data.  The  plot  indicates  that  the 
particle  positions  are  normally  distributed  as  expected  based  on  the  Brown  fluctuations  of 
the  particle  in  the  optical  trap. 
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6-4-3  Calibrating  the  Optical  Trap 

The  three-dimensional  optical  trap  is  characterized  by  its  lateral  and  axial  trapping 
components.  For  the  force  measurements  described  here,  only  the  axial  component  of  the 
trap  needs  to  be  calibrated.  The  two  values  that  are  required  for  force  measurements  are 
the  axial  trap  stiffness,  y,  and  the  trap  center  position,  z0.  Because  trap  stiffness  is 
sensitive  to  experimental  conditions,  the  trap  must  calibrated  each  time  an  experiment  is 
conducted. 

In  order  to  properly  calibrate  the  trap,  a  trapped  Brownian  particle  must  be 
observed  sufficiently  far  from  the  test  surface  such  that  the  particle  motion  is  influenced 
only  by  random  Brownian  fluctuations,  viscous  drag,  and  the  restoring  force  of  the  trap 
toward  the  equilibrium  position.  However,  the  particle  must  also  be  near  enough  to  the 
test  surface  to  scatter  light  from  the  penetrating  evanescent  wave.  The  trap  imposes  an 
axial  harmonic  potential  on  the  particle  near  the  trap  center: 

<f>,(z)  =  l1(z-Zo)2  (6-5) 

With     stiffness     parameter,     y,     Boltzmann's     distribution     law     implies 

/?(z)ocexp[-$(z)/£7],  hence  the  parameters  zo  and  y  can  be  obtained  from  the 
stationary  mean  and  variance  of  particle  positions  at  a  trap  position  far  enough  from  the 
surface  to  neglect  surface  forces.  For  this  calibration  position,  z0  =  (z) ,  and 

kT 
7  =  ^2  (6-6) 
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where,  k  is  Boltzmann's  constant,  Tis  the  temperature  of  the  surrounding  liquid,  and  a\ 
is  the  variance  of  particle  position.  From  equation  (6-5),  the  force  on  the  particle  from  the 
optical  trap  is 

F(z)  =  JJM_  =  y(z^)  («.,) 

This  requires  a  value  for  the  trap  center  position,  zq.  Far  from  the  test  surface,  the  particle 
will  fluctuate  around  the  trap  center,  and  thus  have  a  mean  position,  (z) ,  equal  to  the 
position  of  the  trap  center,  z0.  The  mean  force  in  this  case  would  be  zero,  and  the  trap 
center  position  would  be  equal  to  the  mean  position. 

Axial  trapping  efficiency  depends  on  the  distance  of  the  particle  above  the  cover 
glass  (Wright  et  al.  1994).  The  absolute  effect  of  this  distance  dependence  of  trapping 
efficiency  can  be  reduced  by  maintaining  a  small  gap,  such  that  there  is  sufficient 
trapping  anywhere  within  the  sample  chamber;  the  22-micron  gap  reported  here  should 
be  adequately  small  to  ensure  adequate  trapping  efficiency.  The  relative  effects  of  the 
trapping  efficiency  with  distance  must  remain  small  over  the  range  of  calibration  and 
measurement  near  the  surface.  Because  the  total  distance  traveled  by  the  particle  in  the 
axial  direction  during  sampling  is  less  than  about  300  nm,  we  can  assume  that  the  axial 
trapping  efficiency  will  remain  constant  over  the  small  range  of  distances.  An  illustration 
of  the  trap  calibration  measurements  can  be  seen  in  Figure  6-7. 
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Figure  6-7.  Trap  calibration  and  measurements  using  the  EWLS/3DOT  technique 


6-4-4  Calculating  Force  and  Potential 


The  value  for  the  interaction  force  far  from  the  test  surface  is  zero,  but  as  the 
particle  is  stepped  at  known  increments  toward  the  surface,  the  surfaces  forces  eventually 
begin  to  deflect  the  mean  position,  (z) ,  from  the  trap  position,  z0.  With  the  values  for  g 
and  z0  known,  the  mean  force  of  interaction  between  the  particle  and  test  surface  can  be 
calculated  from  (z) .  At  equilibrium,  the  surface  force  must  balance  the  trapping  force 
at  the  position  (z) ;  i.e. 
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Fs{(z))  =  -Ft{(z))  =  r{(z)-z0)  (6-8) 

The  potential  energy  of  mean  force  at  any  position,  z,  can  be  estimated  by 

numerically  integrating  the  mean  force  data: 

CO 

</{z)=\Fs((z))d(z)  (6-9) 

z 

As  the  mean  of  the  Brownian  force  approaches  zero  (i.e.,  for  large  sample  sizes), 
the  potential  of  mean  force  will  converge  to  the  mean  potential. 

6-5  Preliminary  Results 

Preliminary  results  obtained  in  our  lab  are  illustrated  in  Figure  6-8(a).  It  is  a  plot 
of  the  interaction  force  between  a  l-//m  polystyrene  sphere  and  a  flat  glass  surface  in 
distilled  water.  The  force  data  was  numerically  integrated  using  the  trapezoid  rule  to 
produce  the  corresponding  potential  energy  curve  in  Figure  6-8(b).  Each  data  point  on 
the  force  and  potential  energy  plots  was  calculated  by  averaging  the  separation  distance 
of  the  particle  over  a  period  of  five  seconds  at  1  ms  intervals.  It  was  found  that  the  mean 
position  of  the  particle  converged  to  a  stationary  value  after  about  2  seconds,  thus  the  5 
second  sampling  periods  showed  no  significant  difference  in  the  measured  values.  The 
trap  center  was  moved  by  10  nm  increments  (smallest  resolution  of  the  stepping  motor)  in 
the  z  direction  (axial)  such  that  the  measured  intensity  varied  as  little  as  possible  between 
positions.  For  regions  where  the  intensity  varied  little  with  subsequent  movements  toward 
the  surface  (i.e.,  far  away  from  or  very  close  to  the  surface),  the  trap  center  was  moved  by 
larger  increments  (20-200  nm)  to  speed  up  the  measurement. 
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Figure  6-8  Force  and  potential  energy  curves  for  a  l//m  polystyrene  particle  interacting 
with  glass  in  water 

(a).  Force  curve  for  a  l//m  polystyrene  particle  interacting  with  glass  in  water.  The 
abscissa  represents  relative  separation  distance.  Far  from  the  surface  there  is  zero  force 
between  the  particle  and  surface.  As  the  particle  nears  the  surface,  there  is  an  attraction 
(negative  force  values)  and  then  a  strong  repulsion  between  the  particle  and  surface,  (b). 
Corresponding  potential  energy  obtained  by  numerically  integrated  force  data  in  Figure 
6-9(a)  to  yield  the  interaction  potential  plot.  There  is  a  secondary  minimum  followed  by  a 
strong  repulsive  energy  barrier  as  the  particle  is  moved  toward  the  surface. 


74 

The  accuracy  of  the  separation  distance  measurements  is  strongly  dependent  on 
the  precision  of  the  inverse  penetration  depth,  /?.  From  equation  (2),  fi  is  a  strong  function 
of  the  incident  angle  of  the  laser  beam,  0  i,  just  above  the  critical  angle.  However, 
equation  (2)  also  suggests  that  /?  becomes  somewhat  insensitive  to  changes  in  the  incident 
angle  for  values  much  higher  than  the  critical  angle.  The  data  presented  in  Figure  6-9 
(a)&(b)  is  obtained  at  a  measured  incident  angle  of  approximately  67.3  °,  sufficiently 
above  the  critical  angle  of  61.4  °.  Therefore,  /?  can  be  accurately  estimated. 

By  observing  the  trends  in  the  force  and  potential  energy  data  (Figure  6-9(a)&(b)) 
it  is  obvious  the  existence  of  a  small  secondary  minimum  of  approximately  -13  kT  and  a 
maximum  measurable  repulsion  of  55  kT.  These  results  demonstrate  the  ability  of  the 
technique  to  resolve  small  longer-range  forces,  as  well  as  relatively  strong  repulsion 
forces  not  previously  attainable  with  either  AFM  or  TIRM  alone.  The  addition  of  the 
three  dimensional  optical  trap  proves  to  have  a  dual  role:  it  allows  for  a  sensitive  force 
measurement  and  at  the  same  time  provides  a  means  for  sampling  forces  over  a  larger 
range  of  distances  than  allowed  by  a  naturally  diffusing  particle. 


6-6  Discussion 

The  technique  described  here  is  a  novel  combination  of  three-dimensional  optical 
trapping  for  force  measurement  and  evanescent  wave  light  scattering  for  position 
measurement  to  provide  a  means  for  direct  determination  of  the  surface  forces  between  a 
small  (~1   micron)  particle  and  a  test  surface.     The  similarities  between  TIRM  and 
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EWLS/3D0T  are  the  determination  of  particle-surface  separation  distance  from  the 
scattered  light  intensity  of  a  particle  in  the  vicinity  of  the  evanescent  wave  and  the  use  of 
an  optical  trap  for  micromanipulation  of  the  particle.  The  principal  difference  of  this  new 
technique  described  herein  is  the  use  of  a  three-dimensional  laser  trap  as  a  force 
transducer  which  provides  faster  direct  measurement  of  forces  on  smaller  particles  than 
has  been  reported  with  TIRM.  Furthermore,  because  the  range  of  measurable  separation 
distances  is  determined  by  maximum  measurable  force,  not  by  potential  energy  sampled 
by  a  Brownian  particle,  a  significantly  large  range  of  separation  distances  can  be 
measured.  This  technique's  force  measurement  methodology  is  similar  to  the  AFM  in 
that  it  acts  as  a  force  transducer  with  the  particle  acting  as  a  probe,  rather  than  deriving 
potential  energy  from  position  histograms  as  with  TIRM. 

AFM  is  a  technique,  which  successfully  measures  forces  between  a  single  particle 
and  a  surface.  However,  EWLS/3DOT  offers  a  novel  alternative  method  for  determining 
forces  impossible  to  calculate  by  AFM  because  of  its  sensitivity  limitations.  In  many 
ways,  this  new  technique  is  complimentary  to  AFM  measurements,  and  should  provide  a 
more  complete  picture  of  the  interaction  forces  especially  for  weaker  longer-range  forces. 
Another  benefit  of  EWLS/3DOT  over  other  existent  techniques  is  its  ability  to  measure 
forces  on  biological  cells  such  as  micron-sized  bacteria.  The  ability  of  the  technique  to 
resolve  small  forces  along  with  its  non- intrusive  (i.e.,  sterile)  manipulation  of  the  particle 
make  it  ideal  for  measuring  biological  systems.  Certainly  great  care  must  be  taken  to 
ensure  that  the  optical  trap  does  not  damage  the  cells.  Trapping  lasers  in  the  near  infrared 
wavelength  have  been  shown  to  be  ideal  for  such  applications  (Block  1992). 
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The  other  noteworthy  feature  of  the  EWLS/3DOT  technique  is  its  ease  of 
implementation.  The  complete  system  consists  of  only  a  few  modifications  to  a  standard 
light  microscope,  and  hence  it  adapts  well  to  existing  microscopy  set-ups  allowing  for 
multiple  functionality. 


CHAPTER  7 
SUMMARY  AND  CONCLUSIONS 


The  general  goal  of  this  work  has  been  to  enhance  the  fundamental  understanding 
of  the  physicochemical  mechanisms  of  bacterial  adhesion  to  solid  surfaces  through  the 
development  of  novel  methodologies  and  through  quantitative  measurement  of  the  role  of 
cell  surface  properties  on  attachment.  Better  understanding  of  bacterial  adhesion 
mechanisms  could  ultimately  result  in  the  design  of  an  infection  resistant  biomaterial,  or 
of  a  technique  that  would  prevent  pathogenic  microorganism  attachment  to  the  surface  of 
implanted  biomaterials. 

As  it  was  previously  described,  bacteria  can  adhere  to  surfaces  via  non-specific 
colloidal  forces  and  via  specific  binding  of  cell  surface  receptors  to  adsorbed  proteins  on 
the  biomaterial  surface.  It  was  shown  previously  that  attachment  of  S.  aureus  to 
fibrinogen  coated  surfaces  in  well-defined  flow  conditions  is  primarily  governed  by 
specific  binding  of  the  cell  surface  protein,  "clumping  factor",  to  fibrinogen  (Dickinson  et 
al.  1995).  Clumping  factor  has  a  hydrophilic  stalk-like  region,  which  has  been 
hypothesized  to  enhance  its  function  by  allowing  the  molecule  to  reach  over  energy 
barriers  and  allow  attachment.  In  this  study,  the  attachment  kinetics  of  S.  aureus  to 
surfaces  was  quantified  as  a  function  of  the  length  of  the  clumping  factor  stalk  region.  In 
this  thesis,   intrinsic  attachment  rate  constants  to   fibrinogen  coated  surfaces  were 
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compared  for  a  series  of  site-directed  S.  aureus  mutants  with  variable  lengths  of  the  stalk 
region. 

To  quantify  the  ability  of  bacteria  attach  to  surfaces,  a  methodology  and  analysis 
was  developed  for  the  measurement  of  bacterial  attachment  kinetics  under  well-defined 
flow  conditions  using  automated  image  analysis.  These  measurements,  combined  with  a 
model  for  convective-diffusive  cell  transport  in  the  flow  cells,  allowed  estimation  of  an 
intrinsic  attachment  rate  constant.  This  methodology  can  be  directly  extended  to 
measuring  the  attachment  kinetics  of  micron  sized  particles  to  various  coated  substrates. 
By  this  means  intrinsic  attachment  rate  constants  (k+)  can  be  obtained  for  particles 
attaching  to  surfaces  coated  with  substrates  of  interest  in  filters  designed  to  separate 
bacteria  from  waste  water  streams.  This  parameter,  k+,  is  necessary  in  existing  filtration 
models;  until  now  these  attachment  rate  constants  were  approximated  from  the  DLVO 
theory. 

This  methodology  and  analysis  was  applied  to  demonstrate  the  effect  of 
sequentially  varying  one  molecular  parameter,  receptor  length,  on  the  attachment  of 
bacteria  to  surfaces  under  well  defined,  laminar  flow  conditions.  The  results  of  this  study 
using  S.  aureus  mutants  of  varying  receptor  lengths  are  unique  and  they  prove  that 
receptor  length  plays  a  significant  role  in  adhesion,  consistent  with  predictions  of  a 
mechanistic  mathematical  model  (Dickinson  1997).  The  first  set  of  experiments  reported 
attachment  of  S.  aureus  on  fibrinogen  using  bovine  serum  albumin  (BS A)  as  the  non- 
specific adhesion  blocker.  An  increase  in  the  attachment  rate  constant  with  increase  in  the 
length  of  the  repeat  region  of  the  clumping  factor  was  observed.  The  length  of  the 
clumping  factor  repeat  region  plays  an  important  role  in  increasing  adhesion  of  S.  aureus 
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to  fibrinogen  coated  surfaces.  This  receptor  may  act  as  a  stalk  to  project  the  ligand- 
binding  domain  of  S.  aureus  (the  biologically  active  fibrinogen-binding  region)  away 
from  the  cell  surface  to  'reach'  the  ligand-coated  surface.  Another  set  of  results  were 
obtained  for  attachment  of  S.  aureus  to  fibrinogen  coated  surfaces,  however,  instead  of 
using  BSA  as  the  non-specific  adhesion  blocker,  skim  milk  was  substituted.  The  results 
show  the  same  trend  as  the  previous  ones,  i.e.,  an  increase  in  k+  with  increase  in  the 
receptor  length,  however,  the  values  of  k+  are  different  for  the  two  sets  of  experiments.  k+ 
values  for  the  experiments  using  skim  milk  were  smaller  than  the  values  obtained  when 
BSA  was  used  as  the  non-specific  adhesion  blocker.  A  possible  explanation  for  this 
could  be  that  the  skim  milk  affects  the  nonspecific  interactions,  specifically  the  repulsive 
interactions.  An  increase  in  the  repulsive  interactions  would  cause  the  observed  decrease 
in  k+.  Results  from  adhesion  control  experiments  on  skim  milk  varying  the  receptor 
length  show  a  decrease  in  k+  values  with  increase  in  the  receptor  length.  This  is  an 
interesting  result  since  it  shows  that  the  steric  repulsion  forces  may  increase  as  the  length 
of  the  receptor  increases.  In  the  control  experiments  only  background  binding  onto  skim 
milk  takes  place,  but  as  the  receptor  length  increases  it  experiences  a  higher  repulsion 
close  to  the  surface,  and  consequently  the  attachment  rate  would  decrease  as  observed. 

Another  study  was  undertaken  in  an  effort  to  determine  the  effect  on  S.  aureus 
attachment  to  glass  as  the  electrolyte  concentration  was  changed.  It  was  shown  that  the 
increasing  electrolyte  concentration  enhances  attachment  of  S.  aureus  to  glass  surfaces, 
qualitatively  consistent  with  predictions  based  on  DLVO  theory. 
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EWLS/3DOT  is  a  novel  technique  for  measuring  interaction  forces  between  small 
particles  and  surfaces,  and  has  provided  the  first  direct  measurement  of  the  forces 
between  a  single  bacterium  and  a  solid  substrate.  This  technique  will  allow  future 
correlation  between  interaction  forces  and  attachment  rates. 

In  conclusion,  the  results  of  the  work  presented  here  show  that  the  receptor  length 
is  a  critical  parameter  in  the  attachment  of  bacteria  to  surfaces.  In  specific  attachment 
experiments  the  increase  in  receptor  length  increases  attachment  of  bacteria  to  surfaces, 
thus,  the  specific  receptor-ligand  interactions.  In  control  experiments  where  the  ligands 
are  absent  from  the  surface,  non-specific  steric  repulsive  interactions  come  into  play  to 
decrease  attachment  with  increase  in  the  receptor  length.  The  mathematical  model  for 
particle  attachment  to  the  study  surface  in  the  PPFC  predicted  a  dependence  of  the 
attachment  rate  on  shear.  In  preliminary  experiments,  shear  was  observed  to  have  an 
effect  on  bacterial  attachment  in  accordance  with  the  model  predictions.  Future 
experiments  studying  in  more  depth  the  effect  of  shear  will  shed  more  light  on  this.  Also 
in  the  future,  once  the  EWLS/3DOT  methodology  will  be  well  developed  it  will  allow 
measurement  of  adhesion  forces  between  S.  aureus  mutants  of  varying  lengths  and 
fibrinogen  coated  surfaces. 

This  work  in  this  dissertation  has  provided  new  tools  for  measurement  of  bacteria- 
surface  interactions  and  enhanced  the  fundamental  understanding  of  specific  and  non- 
specific bacterial  attachment  mechanisms.  A  combination  of  measurements  of  bacterial 
attachment  kinetics  and  bacteria-surface  interaction  forces  may  lead  to  a  more  clear 
understanding  of  the  mechanisms  of  bacterial  adhesion  to  surfaces  and  hence,  may  lead  to 
techniques  for  prevention  of  this  process  or  its  enhancement,  depending  upon  the 
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application.  This  combined  approach  may  aid  in  the  design  of  infection-resistant 
biomaterials  or  in  the  practical  application  to  improve  filter  design  for  separation  of 
bacteria  from  wastewater  streams.  However,  the  techniques  can  be  applied  to  enhance 
fundamental  understanding  of  bacterial  adhesion  relevant  to  other  applications  such  as 
tooth  decay  and  bio  fouling. 


APPENDIX 
IMAGE  ANALYSIS  PROGRAMS 

This  appendix  contains  three  image  analysis  programs:  COUNT.MAC, 
SCAN.MAC,  and  BREPLAY.MAC.  The  first  one  is  used  in  obtaining  the  particle 
concentration  in  the  suspension  used  for  the  parallel  plate  flow  cell  (PPFC)  experiments 
as  well  as  the  error  in  measuring  it.  The  second  one  is  used  to  store  to  the  hard  drive  in  a 
Microsoft  EXCEL  file  successive  images  of  particles  attaching  on  the  bottom  surface  of 
the  PPFC.  After  the  experiments  are  completed,  the  stored  images  from  the  EXCEL  files 
are  recalled  and  the  number  of  particles  in  each  image  is  counted  using  the  third  program, 
BREPLAY.MAC. 

Following  are  the  three  programs  briefly  described  above.  They  are  all  written  in 
the  Analytical  Language  for  Images  (ALI)  used  within  the  image  analysis  program, 
Optimas. 

//  File  name:  COUNT.MAC 

/♦This  macro  counts  cells  (particles)  in  the  Petroff-Hauser  counting  chamber,  and  returns 
a  cell  (particle)  concentration  and  the  error  in  measuring  it.  This  is  used  later  in 
determining  an  effective  attachment  rate  constant  for  particles.  */ 

//  May  1998 -last  update 

Acquire(); 

Brightness(150); 

Contrast(150); 

ans=Prompt("Has  calibration  been  set?  If  not,  click  <No>,  set  calibration  from  menu 
then  restart  macro.",2);  if(!ans)  {pauseQ;}; 
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hLib  =  LoadMacroLibrary("surface.omT); 
RunMacro  ("C :/optimas/macros/flo wcell/ninit. mac") ; 

//  Commands  to  clear  the  square  in  the  middle  of  the  screen 

RunMacro("C:/optimas/macros/flowcell/bcomml.mac");  //  Loads  motors  function 
//  library 
mwindow(); 

//  End  commands  for  clearing  the  square  in  the  middle  of  the  screen 

SelectFullScreen  (0); 

INTEGER  rconc[]; 
tiefKOl; 
INTEGER  nf=0; 

ans=TRUE; 

while  (ans) 

{ 
//  SelectFullScreen  (0); 

Acquire(); 

show("Move  to  new  field,  click  OK,  then  select  ROI  with  mouse 
(left  button  only!)."); 
SelectROI(); 

AreaF=(ROI[0,l]-ROI[l,l])*(ROI[l,0]-ROI[0,0]);  //  Field  area  in  active  units 
SetExport  (mPtPoints,  1,  TRUE); 

if(nf=0)  {Freeze();  diff  =  SetThresh();  Acquire();} 

AutoExtract  =  TRUE; 
Freeze(); 

nsh=CountCells(diff); 

rconc=rconc:((l  .*nsh)/(AreaF*(  1  e-4)*(  le-4))/tief/l  e6); 
stats=Moments(rconc); 
conc=stats[0];  stdev=stats[l];  unc=0.0; 
if(nf>0)  {stdev=stdev/sqrt(l.*nf);  unc=stdev*100/conc; } 
nf=nf+l; 

show(ToText(nf):"  fields.  ":ToText(conc,"%5.2f'):"  +/- 
":ToText(stdev,"%5.2f'):"  xlOA6  cells/ml.  "rToTextCunc'ToS^f):"  %  uncertainty"); 
ans=Prompt("Another  Field?",2); 


show(ToText(nf):"  fields.  ":ToText(conc,"%5.2f'):"  +/-  ":ToText(stdev,"%5  2f  )•"  xlOA6 
cells/ml.  ":ToText(unc,"%5.2f '):"  %  uncertainty"); 
//  End  of  Program  COUNT.MAC 
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//  File  name:  SCAN.MAC 

//  This  macro  scans  multiple  fields,  either  user-selected  or  by  a  raster  scan,  then  stores 
//  the  images  of  the  fields  to  hard  disk.  An  excel  file  is  prepared  with  the  image 
//  and  field  information.  The  images  must  be  analyzed  and  data  extracted  in  a  second 
//  program  (e.g.  BREPLAY.MAC). 

//  May  1998 -last update 

//  Initialize 

acquire(); 

OutputLUT  ("Normal",  0.0); 

Brightness(150); 

Contrast  150); 

ans=Prompt("Has  calibration  been  set?  If  not,  click  <No>,  set  calibration  from  menu, 

then  restart  macro.", 2);  if(!ans)  (pause();}; 

RunMacro("C:/optimas/macros/flowcell/bcomml.mac");  //  Loads  motors  function 

library 

hlib=LoadMacroLibrary("optdlg.oml"); 

mwindow(); 

SelectFullScreen  (0); 
beep(40,32); 

hLib  =  LoadMacroLibraryC'surface.oml"); 

//  RunMacro("C:/OPTIMAS/MACROS/flowcell/FOCPLANE.MAC");  //Loads 
functions  for  calculating  //  focal  plane 
RiinMacro("C:/OPTIMAs/MACROS/flowcelVrunit.mac");  //  Loads  various  functions 

//  Open  Excel 

show("Open  Excel  then  Click  OK"); 

fw=ROI[l,0]-ROI[0,0];  fl=ROI[0,l]-ROI[l,l];  //  Field  width  and  length 

Inami=Prompt("Enter  Image  Prefix","CHAR","Img"); 
sheet="Sheetl ";  hChan=DDEInitiate("Excel",sheet); 
AreaF=fw*fl;  //  Field  area  in  active  units 

GetDateTime(); 

(Rng=Range(l,l,l,l));  DDEPoke  (hchan,Rng,DateTime); 

Rng=Range(2, 1,2,1);  DDEPoke  (hchan,Rng,"Field  Area:"); 
Rng=Range(2,2,2,2);  DDEPoke  (hchan,Rng,AreaF); 

Rng=Range(2,5,2,5);  DDEPoke  (hchan,Rng,"Bacteria  Cone:"); 
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cconc=Prompt("Enter  Bacteria  Concentration:  ","REAL","1.0e6"); 
Rng=Range(2,6,2,6);  DDEPoke  (hchan,Rng,cconc); 

show("  With  joystick,  move  to  center  of  scan  area  then  click  OK  to  focus  with  arrow 

keys"); 

Here(0L,0L,0L);  //Sets  reference  point  position  to  0,0,0 

nt=  promptC'Enter  number  of  time  steps  ","rNTEGER","30"); 
mode=Prompt("Select  scan  mode;  (0=User  Selected  Fields,  1=  Raster 
Scan)",MINTEGER","l"); 

LONGx[100],y[100],z[100],pos[3],posl[3],pos2[3],pos3[3],postmp[3]; 

if(mode=0) 

{ 

nff=prompt("Input  number  of  fields","INTEGER"); 

//  Set  Raster  and  Focus 

/*  Input  Field  Coordinates  */ 

i=0; 

while  (i<nff) 

{ 

beep(40,32); 

text="Move  to  field  ":ToText(i):M  and  set  focus  with  joystick"; 

show(text); 

pos=findpos();  //  Finds  current  position 

x[i]=pos[0];  //  Store  current  position  of  field  i  to  arrays  x,y,z 

y[i]=pos[l]; 

z[i]=pos[2]; 
//  Store  position  info  to  spreadsheet 
Rng=Range(3,3+i,3,3+i);  DDEPoke  (hchan,Rng,x[i]); 
Rng=Range(4,3+i,4,3+i);  DDEPoke  (hchan,Rng,y[i]); 
Rng=Range(5,3+i,5,3+i);  DDEPoke  (hchan,Rng,i); 
i=i+l; 

} 
} 
if  (mode=  1 )    //  Set  raster  scan  area  by  defining  opposite  corners  of  rectangle 

beep(40,32); 

show("Move  to  top  limit  of  scan  area  with  joystick  and  focus"); 

posl=findpos(); 

movabs(0L,0L,0L);  Wait(); 

show("Move  to  inlet  position  with  joystick  and  focus"); 

pos2=findpos(); 


86 


LONG  xl=2L*posl  [0];  //  Length  of  scan  area 

LONG  yl=2L*pos2[l];  //  Breadth  of  scan  area 

LONG  zll=2L*posl  [2];  //  Height  at  inlet  area 

LONG  zl2=2L*pos2[2];  //  Height  at  top  area 

movabs(0L,0L,0L);  Wait();    movrel(0L,  0L,  1000L); 

pos3=0L:0L:0L; 

//  Plane=CalcPlane(posl,pos3,pos2);  //  This  functions  calculates  parameters  for 
calculating  focal  plane 

nxx=Prompt("Input  number  of  fields  in  the  x-direction  (downstream 
direction)","INTEGER"); 

nyy=Prompt("Input  number  of  fields  in  the  y-direction  "/'INTEGER"); 

nff=nxx*nyy; 

LONG  dx=xl/(lL*(nxx-l)); 

LONG  dy=yl/(lL*(nyy-l)); 

LONG  dzl=zll/(lL*(nxx-l)); 

LONG  dz2=zl2/(lL*(nyy-l)); 

i=0; 

while(i<nxx) 

{ 

j=0; 
while(j<nyy) 

{ 

ifld=i*nyy+j;   //  Changes  double  index  (i,j)  to  single  index,  ifld 
if(nxx>l)  {x[ifld]=posl[0]+dx*(i-nxx/2);}  //  Calculates  field  positions 
if  (nxx=l)  {x[ifld]=posl[0];} 
if  (nyy>l)  {y[ifld]=posl  [l]+dy*G-nyy/2);} 
if(nyy=l){y[ifld]=posl[l];} 

if  (nyy>l)  {z[ifld]=posl  [2]+dzl  *(i-nxx/2)+dz2*(j-nyy/2);} 
if(nyy=l){z[ifld]=posl[2];} 

j=j+i; 

} 
i=i+l; 

} 

> 

ifld=0; 
while(ifld<nff) 

{ 

xp=x[ifld];  yp=y[ifld];  zp=z[ifld];  //zp=CalcZ(xp,yp,Plane); 

show(xp,yp,zp); 

movabs(xp,yp,zp);  Wait(); 

txt="Field  ":ToText(ifld); 

show("Correct  focus  for  " :  txt); 

po  stmp=findpo  s() ; 

z[ifld]=postmp[2];  //  Corrects  focus 

//  Store  field  coordinates  to  spreadsheet 
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Rng=Range(3,3+ifld,3,3+ifld);  DDEPoke  (hchan,Rng,x[ifld]); 
Rng=Range(4,3+ifld,4,3+ifld);  DDEPoke  (hchan,Rng,y[ifld]); 
Rng=Range(5,3+ifld,5,3+ifld);  DDEPoke  (hchan,Rng,ifld); 
ifld=ifld+l; 

} 
} 

//  Store  Images 

INTEGER  foc[nff]=l ;  //  foc[i]=l  for  delay  after  Acquire  for  focus  check 
/*  Start  Scanning  Selected  Fields  */ 

it=0;  StartTime=DOSTime();  //  Calculates  initial  time 

while(it<nt) 

{ 

i=0; 

Tm=DOSTime()-StartTime;  //  Current  time 
Rng=Range(6+it,  1 ,6+it,  1 );  DDEPoke  (hchan,Rng,it);  //  Store  time 
Rng=Range(6+it,2,6+it,2);  DDEPoke  (hchan,Rng,Tm); 

while  (i<nff)  //  Move  to  positions 

{ 

xp=x[i]; 

yp=y[i]; 

zp=z[i]; 

movabs(xp,yp,zp);  Wait(); 
Acquire(); 

if  (KeyHit()=18)  {beep(50,32);  show("Pausing  -  Click  OK  to  Continue"); }  //  Alt 
Key 

iw=0; 

while  ((foc[i]=l)  &&  ((keyhit()!=OxlO)  &&  (iw<15)))  //  Allow  chance  to  check 
focus  if  foc[i]=l 

(DelayMS(lOO);  iw=iw+l;} 

if  ((keyhit()=OxlO)  ||  (foc[i]=2))  //  <SfflFT>  key  causes  pause  and  refocus  if  not 
in  focus 

{ 
Beep(50,32); 

txt="Field  M:ToText(ifld); 
show("Correct  focus  for  "  :  txt); 
postmp  =  findpos(); 
z[i]=postmp[2];    //  Reset  z-position 
ifoc=l; 

foc[i]=l;  //  Keep  at  1  if  focusing  was  necessary 
} 
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else 
{fbc[i]=0;} 

Iname=Inami:ToText(i):"_":ToText(it);Freeze(); 
IRoute="C:/OPTIMAs/MACROS/flowcell/images/":Iname:".tif; 
Savelmage  (Iroute,  ROI,  8, , , "", "", "",  TRUE,  0,  FALSE);  //  Save  image 
Rng=Range(6+it,3+i,6+it,3+i);  DDEPoke  (hchan,Rng,Iname); 
if(KeyHit()=0xl0) 

(beep(30,32);  foc[i]=2;}  //  <SHIFT>  Key  here  allows  this  field  to  be  focused  next 
time 

if(foc[i]<2) 

{H+l;> 

} 
h=it+l; 

} 

DDETerminate(hchan);   //  Close  connection  to  excel 

//  End  of  Program  SCAN.MAC 


//  File  name:  BREPLAY.MAC 

//  This  macro  replays  the  image  sequence  taken  by  SCAN.MAC  to  extract  statistics  for 
//  bacteria.  It  is  written  in  the  ALI  (Analytical  Language  for  Images)  language  of 
//  Optimas. 

//  May  1998  -  last  update 

//  Start  Initialization 

ans=Prompt("Has  calibration  been  set?  If  not,  click  <No>,  set  calibration  from  menu, 

then  restart  macro.,,,2);  if(!ans)  (pause();}; 

showfOpen  Excel  Datafile  then  click  OK"); 

RunMacro  ("C:/optimas/macros/flowcell/riinit.rnac");  //  Contains  some  handy  functions 

show(" After  clicking  OK,  open  a  test  image  from  the  sequence"); 

OpenImage();  //Opens  Testlmage  for  Thresholding 

diff=SetThresh();  //  Sets  thresholding  parameters 

AutoExtract  =  TRUE; 

//  End  Initiation 


nt=  prompt("Enter  number  of  time  steps  (rows)  ","INTEGER","30"); 
nfst=  prompt("Enter  first  field  number  (columns)  ","INTEGER","0"); 
nlst=  prompt("Enter  last  field  number  (columns)  ","INTEGER","24"); 
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CHAR  Inst=prompt("Enter  file  prefix  (e.g.  Imgx_x.tif,  file  prefix  is 

Img).","CHAR","Img"); 

it=0;  //  Set  it  corresponding  to  first  used  time  step  for  data 

while(it<nt) 

{ 

i=nfst; 

while  (i<=nlst) 

{ 
Rng=Range(6+it,3+i,6+it,3+i); 
CHAR   Iname=Inst:ToText(i):"_":ToText(it); 

IRoute="C:/OPTIMAs/MACROS/FLOWCELL/IMAGES/":Iname:".tif; 
Openlmage  (IRoute,  ROI,); 
nb=CountCells(diff); 

sheet="Sheetl ";  hChan-DDEInitiate("Excel",sheet); 
DDEPoke(hchan,Rng,nb); 
DDETerminate(hchan) ; 
i=i+l; 

} 

//  End  Data  Extraction  Routine 

it=it+l; 

} 

//  End  of  Program  BREPLAY.MAC 
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